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Abstract Forestry best management practices (BMPs)
have proven to be very effective in protecting adjacent
stream water quality at the plot scale. However, our
knowledge is incomplete about the effectiveness of
forestry BMPs in large watersheds where industrial
forests are intensively managed. In this study, we com-
pared long-term concentrations and loadings of total
suspended solids (TSS), nitrate/nitrite nitrogen
(NO;NO,—N), total Kjeldahl nitrogen (TKN), and total
phosphorus (TP) before (1978-1988) and after exten-
sive implementation of forestry BMPs (1994-2008) at
the outlet of a 5000-km? river basin that is predominate-
ly covered by intensively managed pine forests in Cen-
tral Louisiana, USA. Our study shows that after exten-
sive BMP implementation, both concentrations and
loads of TSS in the basin outlet decreased significantly
from 34 to 25 mg L " and from 55,000 t0 36,700 t yearﬁl,
respectively. However, no significant difference was
found in NO3NO,—N, TKN, and TP concentrations
between the two periods. The results of nutrient loadings
varied, whereby the annual nitrogen loading declined
without significant differences (from 1790 to
1600 t year ' for TKN and from 176 to 158 t year '
for NO;NO,—N, respectively) but the annual TP loading
increased significantly (from 152 to 192 t year ') after
BMP implementation. The increase in TP loading is
likely due to an increased application of phosphorus
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fertilizer, which offset BMPs’ effects especially during
high-flow conditions. These results strongly suggest that
current forestry BMPs in this region are effective in
reducing sediment loading, but current BMP guidelines
for fertilization and nutrient management need to be
reviewed and improved.
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management - Phosphorus - Nitrogen

Introduction

The degradation of water quality in various water bodies
is one of the world’s most concerning environmental
problems. Several decades of research have demonstrat-
ed that water quality degradation is strongly associated
with land-use activities, such as intensive agriculture
and forest practices (Hewlett et al. 1984; Likens et al.
1970), urbanization (Foley et al. 2005), and building and
road construction (Kreutzweiser et al. 2005). Agricul-
tural and forestry activities can increase erosion and
sediment loads, and leach nutrients and chemicals to
groundwater, streams, and rivers (Carpenter et al.
1998; Foley et al. 2005; McCoy et al. 2015). Urbaniza-
tion substantially degrades water quality, especially
where wastewater treatment is absent (Foley et al.
2005). The resulting degraded water quality has led to
dissolved oxygen depletion (Giri and Qiu 2016; Ice and
Sugden 2003), increased algal blooms (Tsegaye et al.
2006), impairments to water supplies (Foley et al. 2005),
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and a growth of waterborne disease (Bennett et al. 2001;
Townsend et al. 2003).

Waters from forested landscapes are generally con-
sidered of high quality, but that may not be the case with
industrial forest land (Anderson and Lockaby 2011; Ice
et al. 1997). Forest operations, such as harvesting,
yarding, road construction, and site preparation, can
have adverse impacts on water quality of adjacent water
bodies (Appelboom et al. 2002; Morris et al. 2015; Wear
et al. 2013). Surface soil erosion has been cited as the
most important water quality concern related to forest
practices in the USA (Binkley and Brown 1993; Yoho
1980), which not only has profound effects on stream
headwater environments but may also have substantial
effects on areas far downstream due to the capability of
suspended sediments to travel exceptionally long dis-
tances (Hotta et al. 2007). Nutrient pollution caused by
silvicultural activities in forest waters is also an issue.
Early experimental studies of nutrient responses to tim-
ber harvest have reported dramatic nutrient increases in
forest waters after harvesting (Likens et al. 1970). Since
forest watersheds provide 80% of freshwater resources
in the USA (Ice and Binkley 2003; US EPA 2000),
water quality in forested watersheds has received more
and more attention in the recent decades. As a result,
forestry best management practices (BMPs) are imple-
mented to prevent or reduce the adverse impacts of
forest activities on water quality while permitting the
intended forest management activities to occur (Wang
et al. 2004).

There have been significant research efforts aimed at
verifying the effectiveness of forestry BMPs, although
most of them were conducted at the plot scale and/or for
short terms (Anderson and Lockaby 2011; Aust and
Blinn 2004; Cristan et al. 2016). Forestry BMPs are
usually region specific, but most of them share similar
prescriptions. Most previous studies (e.g., Cristan et al.
2016) have demonstrated that when constructed correct-
ly and in adequate numbers, forestry BMPs reduced
negative impacts on water quality, including surface
erosion (Arthur et al. 1998; Brown et al. 2013; Lang
etal. 2015) and nutrient runoff (Dahlgren 1998; Hewlett
et al. 1984; McBroom et al. 2008; Secoges et al. 2013;
Stednick 2008; Wynn et al. 2000), and help protect
stream biologic integrity (DaSilva et al. 2013; Vowell
2001). Implementation rates and quality are critical to
BMP effectiveness, which can be enhanced with pre-
operation planning and with the involvement of regis-
tered professionals (Cristan et al. 2016). However, in
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contrast to the large number of detailed studies on the
short-term effectiveness of BMPs at the plot scale, only
limited attention has been given to the long-term perfor-
mance of BMPs at a basin scale.

This is especially the case for the Southern Coastal
Plain region of the USA, home to some of the most
productive forests in the USA which are intensively
managed for forest production. Southern forests are a
vital factor in maintaining and improving water quality
in the South, and their watersheds have consistently
been shown to have lower sediment and nutrient yields
with better aquatic biological conditions than non-
forested watersheds (West 2002). However, the wide
application of forestry management operations in com-
bination with the abundant water resources in the
region increases the potential for water quality impacts
(Grace 2005). It has been reported that forest opera-
tions accounted for 5900 km of impaired rivers and
streams in the South, with the majority of more serious
water quality problems located in Louisiana, Missis-
sippi, and Oklahoma (West 2002; NASF and SAF
2000). In this context, the South would likely be the
optimal region to evaluate the extent and nature of the
water quality impacts of forest operations. As
discussed above, numerous short-term and/or plot-
scale studies have been undertaken to evaluate the
effectiveness of forestry BMPs, but their results may
not necessarily reflect the same as a watershed or river
basin scale study. In addition, some effects found from
those plot-scale and/or short-term studies are not nec-
essarily observable on long-term basin scale cases. To
our knowledge, very few studies have examined the
long-term effectiveness of forestry BMPs in the Gulf
Coastal Plain region, and none exists for the state of
Louisiana at a basin scale.

Therefore, to gain a better understanding about the
effectiveness of forestry BMPs in the South and South-
east USA, this study was conducted in a forestry-
dominated basin in central Louisiana to assess the
long-term effectiveness of forestry BMPs. According
to the manual of recommended forestry BMPs for Lou-
isiana, forestry BMP compliance in the state was below
10% before 1989, and increased steadily to more than
80% by 1994 (LDAF and LDEQ 2000). Based on the
information, this study compared the long-term re-
sponse of stream water quality to industrial forest oper-
ations before (1978—1988) and after (1994-2008) the
extensive implementation of forestry BMPs. The goal of
this study was to determine whether the current forestry
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BMPs are effective in reducing sediment, nitrogen, and
phosphorus levels and loads at a basin scale.

Methods
Site description

In this study, we gathered 1978-2008 historical records
on water quality of the Little River that drains an area of
approximately 5000-km? land in central Louisiana,
USA. The Little River is formed by the confluence of
the Dugdemona River and Castor Creek, which together
drain approximately two third of the Little River basin,
at a geographical location of 92° 21" 46" W and
31° 47" 48" N. The river flows initially southeastwardly
in north-central Louisiana and turns cast-
northeastwardly into Catahoula Lake (Fig. 1). The basin
is composed of rounded hills in the North, flat-lying
deposits in the Central region, and dissected terrace
deposits in the South. Specifically, the uppermost part
of the Little River above Catahoula Lake flows through
a mixed oak-gum bottomland forest interspersed with
stands of bald cypress (Gaydos et al. 1973; LDEQ
2002). Climate in the Little River Basin can be classified
as humid subtropical with long hot summers and short
mild winters. The long-term annual precipitation is
about 1470 mm, of which about one quarter travels as
surface runoff to streams (Gaydos et al. 1973).

BMP implementation and separation of two analysis
periods

Headwaters of the Little River are mostly forested and
mainly affected by intensively managed industrial forest
activities (DaSilva et al. 2013; Mast and Turk 1999).
Voluntary forestry BMPs were developed by the State of
Louisiana in 1988 (Bourland 1988) and revised in 2000
(LDAF and LDEQ 2000) to protect water quality during
forestry operations. Since the implementation of forestry
BMPs, the Louisiana Department of Agriculture and
Forestry has completed eight surveys, with BMP com-
pliance rates reported as < 10, 51, 80, 83, 96, 96, 96, and
74% (95%) in 1988, 1991, 1994, 1997, 2000, 2002,
2003, and 2009, respectively. It is worth noting that
although the 2009 BMP survey (Kaller 2009) reported
a decline in full BMP implementation rates (74%), over
95% of individually rated BMPs met or exceeded min-
imum BMP requirements, which is comparable with

previous surveys. Therefore, in this study, we divided
the 1978-2008 timespan into two periods: a pre-
regulation period from 1978 to 1988 and a post-
regulation period from 1994 to 2008. We did not include
data from 1989 to 1993 in this study in order to avoid
possible interference from the transitional time from no
BMP implication to full BMP implementation. Addi-
tionally, the variability in land-use changes was relative-
ly small during the study period (Mast and Turk 1999),
and annual production of sawtimber was reported to
remain relatively constant in the regulation years
(Nature Conservancy 2007). Based on those govern-
mental reports and the confirmation from the landowner
of the forestland (Plum Creek Timber, Inc.), it was
assumed that changes in variability of harvest intensity
were not significant during the studied period.

Louisiana’s forestry best management practices in-
clude a series of guidelines for forest operations during
the entire rotation, from timber harvesting to site prep-
aration, reforestation, fertilization, and other silvicultur-
al treatments. Streamside management zones (SMZs)
were identified and delineated during pre-harvesting
planning and flagged and marked adjacent to all peren-
nial and intermittent streams before harvesting. In the
studied region, SMZs were generally 10.7 m for inter-
mittent streams, and 15.2 and 30.5 m for perennial
streams that were less and more than 6.1 m in width,
respectively. Harvesting could occur within the SMZs of
perennial streams, and precautions were given along
perennial streams to protect the remaining trees within
the SMZs. Roads were located outside the SMZs. Dur-
ing harvesting, trees were felled directionally away from
water bodies. Log landings were located where skidding
would avoid road ditches and sensitive sites to have a
minimal impact on the natural drainage pattern. For
regeneration, intensive site preparation activities were
avoided on steep slopes or highly erosive soils, and not
allowed to enter SMZs and cross-stream channels
(Brown 2010; LDAF and LDEQ 2000).

Data collection

Daily precipitation records were collected from three
weather stations administered by the National Oceanic
and Atmospheric Administration, including LA
Winnfield 3 N (ID: USC00169803), LA Jonesboro 4
ENE (ID: USC00164732), and LA Columbia Lock (ID:
USC00161979) during 1978-2008 (Fig. 1). Monthly
and annual precipitation for each station was calculated
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Fig. 1 Geographical location of the Little River Basin and its headwaters (in red lines) in Louisiana, the USA

separately first, and then the averages from the three
stations were used to represent the precipitation level in
the studied region for further analysis.

Daily river discharge data were obtained for the study
period from the United States Geological Survey
(USGS) at the station of Little River near Rochelle,
LA (USGS station No.: 07372200). Water quality data
were obtained for the same time period from the Loui-
siana Department of Environmental Quality (LDEQ) for
the Little River south of Rogers (LDEQ site No.
LA081602 00) (Fig. 1). Water quality data were

@ Springer

collected on a monthly basis, including a variety of field
and laboratory parameters. Total suspended solids
(TSS), total Kjeldahl nitrogen (TKN, the sum of organic
nitrogen and ammonia nitrogen), nitrate plus nitrite
nitrogen (NO3NO,—N), and total phosphorus (TP) were
used in this study. Although discharge data and water
quality data were not measured at the exact same loca-
tion, there was no major input or output between the
USGS and LDEQ sites; therefore, the discharge at the
USGS site was used to compute nutrient and sediment
mass loading using the LDEQ’s water quality data.
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Details in methods for field sample collections and
laboratory analysis can be found in LDEQ’s Quality
Assurance Project Plan for the Ambient Water Quality
Monitoring Network (LDEQ 2014).

Data analysis

The relationship between the frequency and magnitude
of daily streamflow was depicted through the Weibull
plotting position formula, which has been adopted as the
standard plotting position method by the US Water
Resources Council in 1981 (Water Resources Council
1981). This method plots the full range of streamflow
conditions measured at a monitoring location against the
probability of exceeding a given flow rate for a given
time period (Vogel and Fennessey 1995). In this study,
the exceedance probability was separately calculated for
the two periods (before and after the wide implementa-
tion of forestry BMPs). All data used for calculation
were based on measured daily discharge (in m*s )
from the USGS station. In the generated flow duration
curves (FDC, Fig. 2), flow conditions were classified as
“high flows,” “moist conditions,” “mid-range flows,”
“dry conditions,” and “low flows,” which corresponded
to exceedance probabilities less than 10, 1040, 40-60,
60-90, and greater than 90%, respectively. All parame-
ters of interest collected from the LDEQ site were across
all five flow conditions and in an equal manner for both
the pre-regulation and post-regulation periods.

Studies have found a close positive relationship of
riverine TSS, TKN, NO;NO,—N, and TP loads with the
river discharge. The general log-linear regression model
can be described in an equation as below (Xu 2013;
Joshi and Xu 2015):

In(Si(1)) = bo + blln(Qday(t)> +e(h) (1)
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Fig.2 Daily flow duration curves of'the Little River during 1978—

1988 and 1994-2008

where Qy,, represents daily discharge in liters, Si(?) rep-
resents daily loads in grams, i is the type of element, and
e(?) is an error term assumed to be normally distributed.
In order to adjust the change caused by the application of
BMPs, rating curves were developed for each element
(i.e., TSS, TKN, NO3NO,—N, and TP) and separately for
the pre-BMP implementation period (1978-1988) and
the post-BMP implementation period (1994-2008). The
potential log biasing in the transformation procedure was
checked by the correction factor (CF) given by Duan
(1983) and modified by Gray et al. (2015):

_ Y1 Exp (ei)
n

CF (2)
where ¢; is the difference between ith field observations
and model estimates, and 7 is the total number of samples
used in the given rating curve. The fitted parameters and
the statistical measures of fitness are summarized in
Table 1. However, since the application of the CF did
not result in better estimates (Table 1) and due to the
previous arguments regarding the reliability of the cor-
rection factors (Khaleghi et al. 2015), CF was not used in
this study for loads estimates.

Long-term monthly river discharge and monthly con-
centrations of TSS, TKN, NO;NO,—N, and TP were
calculated based on the field measurements from USGS
and LDEQ. Daily mass transports of TSS, TKN,
NO3;NO,—N, and TP during “high flow” conditions
and annual mass transports of all four parameters were
estimated based on Eq. (1). In this study, if more than
15 days data (any 15 days) were missing in a year,
calculations of the total mass transport for that particular
year would be considered invalid and excluded from the
results (5 years were removed). Annual nitrogen to
phosphorus molar ratios were also calculated based on
mass transports of total nitrogen (TN, the sum of
NO;NO,—N and TKN) and TP to understand possible
changes in nutrient sources.

The Student’s ¢ test was used to determine statistical-
ly significant differences between 1978-1988 and
1994-2008 on long-term annual and seasonal precipita-
tion and river discharge. A one-way analysis of covari-
ance (ANCOVA) was conducted to compare the effec-
tiveness of forestry BMPs on TSS, TKN, NO;NO,—N,
and TP concentrations and loads while controlling for
precipitation and river discharge. Specifically, for annu-
al and seasonal concentrations, the covariate was river
discharge; for annual and seasonal loads, daily mass
transports during “high flow” conditions, and TN/TP
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Table 1 Best fitting parameter estimates (b, and b;) used in Eq.
(1) for mass transport calculation of total suspended solids (TSS),
total Kjeldahl nitrogen (TKN), nitrate and nitrite nitrogen
(NO;3;NO,-N), and total phosphorus (TP), and their regression
coefficients (R®), sampling size (1), and root of mean square error

(RMSE). “RMSE-CF” represents that the Duan correction factor
(CF) is used during the retransformation procedure, while
“RMSE-No CF” represents that the correction factor is not applied
in the retransformation

bo by R n CF RMSE-CF RMSE-No CF
1978-1988 TSS —3.495 0.993 0.88 105 1.366 4.839 0.708
TKN —6.563 0.978 0.96 110 1.078 3.866 0.393
NO;3;NO,-N —10.303 1.038 0.81 123 1.632 4.309 0.985
TP —6.360 0.865 0.91 111 1.140 3.654 0.532
1994-2008 TSS —4.966 1.049 0.90 43 1.245 4.607 0.719
TKN —7.602 1.025 0.90 43 2.043 3.873 0.715
NO;NO,—N —9.660 1.014 0.82 31 1.500 4423 0.940
TP -10.117 1.042 0.92 41 1.262 3.666 0.625
ratios, the covariate was precipitation. Levene’s test and . XXk
normality checks were carried out to make sure that o= Jk (6)

assumptions were met. For all presented results, except
for p values, standard errors and 95% confidence inter-
vals were also provided as evidence for a difference
(Nuzzo 2014; Sterne and Smith 2001).

The Mann—Kendall trend model was used to detect
trends in the time series of the annual values of TSS,
TKN, NO;NO,—N, and TP concentrations for both pre-
regulation and post-regulation periods (Kendall 1975;
Mann 1945), which is derived statistically as:

S= ZZ;H Z’;‘:kJrngn(xj_Xk) 3)
1, if Xi—Xk >0

sgn(Xj—Xk) =< 0, if Xj—Xk =0 4)
-1, if Xj-Xk < 0

where §'is the Mann—Kendall test value, x; and x; are the
annual median values in yearsj and £, j > k, respectively.
Annual median values instead of mean value were used
for calculation to avoid the disturbance from any outliers
that may be caused by dilution effect of river discharges.
The Mann—Kendall test was to find the positive
(increasing) or negative (decreasing) trends in concentra-
tions of TSS, TKN, NOs;NO,—N, and TP. To estimate the
true slope of an existing trend, the Sen’s nonparametric
method (1968) was used, which was calculated as:

f()=0t+B (5)

where Q is the slope and B is a constant. Q is calculated as:
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in the given Eq. (6), i=1, 2, 3, ..., N, whereas, at time j
and k (j>k), Xj and Xk are the values of data pairs,
respectively. The median of those N values of Qi is Sen’s
estimator, given as:

O[N +1]/2, if N is odd
Omed = { OIN/2] + QIN +2]/2
2 )

(7)

if N is even

All analyses were performed with the SAS Statistical
Software package (SAS 1996).

Results
Precipitation and river hydrological conditions

Annual precipitation ranged from 960 to 1872 mm
with an average of 1450 mm during the 1978—1988
period, and fluctuated from 1004 to 1724 mm with
an average of 1410 mm during the 1994-2008 peri-
od (Fig. 3 above). In general, the interannual varia-
tion in precipitation during these two periods
seemed to be very similar (p=0.69). Long-term
monthly average precipitation had similar trends
for both periods, which decreased from early spring
to late summer and then increased in subsequent
months until the end of a year (Fig. 3 below).
Long-term monthly average precipitation fluctuated
from 83 to 173 mm and from 84 to 147 mm during
1978—-1988 and 1994-2008, respectively.
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Fig. 3 Long-term annual (above) 2400
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Precipitation was relatively lower in May and from
October to December during 1994-2008 compared
to 1978-1988 (Fig. 3 below). However, no signifi-
cant difference was found between the two periods
for monthly precipitation (p =0.52).

During the period from 1978 to 1988, annual
discharge of the Little River averaged 67 m® s ',
ranging between 0.27 and 3002 m® s~'. From 1994
to 2008, the river had an average annual discharge of
61m’s ', varying from 0.19 to 2144 m?> s~ Overall,
the variation of discharge seemed to have decreased
after the full implementation of forestry BMPs, espe-
cially in the 2000s (Fig. 4(a)). Seasonally, the Little
River had high flows in the winter months with its
highest in February, and low flows in the summer
months with the lowest in August for both periods
(Fig. 4(b)). Long-term monthly average discharge
varied from 3 to 141 m® s ' during 1978-1988 and
from 2 to 149 m® s~ ' during 1994-2008 (Fig. 4(b)).
Similar to the long-term seasonal precipitation, a
decrease in average monthly discharge could be
found in May and during October—December in
1994-2008 compared to 1978-1988. However, no
significant difference was found in the long-term
annual discharge (p =0.66) and in the monthly aver-
age discharge (p =0.75) between the two periods.

Long-term annual concentrations and loads

After controlling for discharge, average long-term
annual TSS concentration in the river significantly
decreased from 34 to 25 mg L™ after the wide im-
plementation of BMPs (p =0.038, Table 2). In gen-
eral, measured TSS concentrations fluctuated from 2
to 122 mg L' during 1978-1988 and from 2
to 158 mg L' during 1994-2008. Specifically, an-
nual TSS concentrations varied largely during the
pre-BMP period and seemed to be more stable during
the 1990s. However, the variation of annual TSS
concentrations seemed to increase again in the
2000s (Fig. 5(a)). Annual TSS loads ranged from
8690 to 109,000 metric tons (t) with a mean of
55,000 t in pre-BMPs period and from 18,000 to
65,000 t averaging 36,700 t in the post-BMP period.
The variations of TSS loads were similar to those of
discharge (Figs. 4(a) and 6(a)) with relatively less
fluctuation during 1994-2008. There was a signifi-
cant difference before and after the use of BMPs in
terms of annual TSS loads while controlling for pre-
cipitation (p = 0.024, Table 3).

Unlike TSS, annual TKN concentrations fluctuated
throughout both the pre-regulation and post-regulation
periods with less variability in 2006-2008 (Fig. 5(b)).
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Fig. 4 Long-term annual (above) 3200 a
and monthly average discharge
(below) of the Little River 2400
1600
800 ‘
~ \ w \
YL I R Y Rt T T
B 1978 1983 1988 1993 1998 2003 2008
& Year
s
5 b 1978-1988 --1994-2008
2z
2 160
120
80
40
0 : ‘ : ‘ ‘ : - : : - .
1 2 3 4 5 6 7 8 9 10 11 12
Month

TKN concentrations averaged 0.97 mg L™, ranging
from 0.27 to 3.59 mg L™ before the implementation
of BMPs, and averaged 1.04 mg L' varying from 0.02
t0 2.32 mg L™ in the 20 years afterwards. There was no
significant difference found in TKN concentration after
controlling for discharge between these two periods
(»p=0.68, Table 2). Long-term TKN loads highly
corresponded with discharge (Figs. 4(a) and 6(b)). Large
variation can be found in annual TKN loads: from 292
to 3540 t year ' during 1978-1988 averaged 1790 t and
from 751 to 2660 t year ' during 19942008 averaged
1600 t. After controlling for precipitation, there was no

Table 2 Average annual concentrations (in mg L") and standard
deviations (SD) of total suspended solids (TSS), total Kjeldahl
nitrogen (TKN), nitrate and nitrite nitrogen (NO3NO,—N), and
total phosphorus (TP) of the Little River during 1978-1988 and
1994-2008, and the statistics of a one-way analysis of covariance

significant difference between these two periods neither
in TKN loads (p =0.88, Table 3).

Long-term NO;NO,—N concentrations showed less
variation in annual concentrations with few exceptions
(Fig. 5(c)). In the pre-BMP period, measured NO3;NO,—
N concentrations averaged 0.12 mg L™ fluctuating from
0.01 to 1.02 mg L™". In contrast, starting from 1994,
NO3;NO,—N concentrations varied from 0.02 to
1.08 mg L' averaging at 0.12 mg L', Annual loads
of NO3NO,—N averaged 176 t (from 25 to 358 t) and
158 t (from 74 to 262 t) during 1978-1988 and 1994~
2008, respectively. The trend of NOs;NO,—N loads

(ANCOVA), including adjusted mean, standard errors (SE), and
95% confidence interval, for each parameter controlling for dis-
charge between the two periods. All data in the table are calculated
based on field measurements

Concentration Mean + SD ANCOVA
Adjusted mean SE 95% confidence interval
Lower bound Upper bound
1978-1988 TSS 34+8 347 23 29 39
TKN 0.97+0.18 0.97* 0.05 0.87 1.08
NO;NO,—N 0.12 +0.04 0.12% 0.02 0.08 0.15
TP 0.12 £0.04 0.12% 0.01 0.10 0.15
1994-2008 TSS 25+7 25° 2.9 19 31
TKN 1.04£0.15 1.00* 0.07 0.87 1.15
NO;NO,-N 0.12+0.07 0.13% 0.02 0.08 0.18
TP 0.11 +£0.03 0.11* 0.01 0.08 0.14

For each parameter, adjusted means followed by the same letter within a column are not significantly different at the 0.05 level
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Fig. 5 Measured concentrations 160+ A
of (a) total suspended solids, (b)
total Kjeldahl nitrogen, (c) nitrate
and nitrite nitrogen, and (d) total
phosphorus in the Little River
during the studied period. All
measurements in each year are
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closely corresponded to annual discharge as well (Figs.
4(a) and 6(c)). No statistically significant differences
between these two periods were found in loads while
controlling for precipitation (p =0.94, Table 3) nor in
annual concentration while controlling for discharge
(p=0.57, Table 2).

Similar to NO3;NO,—N, except for a few measure-
ments, long-term annual TP concentrations had relative-
ly small variations for both 1978-1988 and 1994-2008
(Fig. 5(d)). Average annual TP concentrations ranged
from 0.02 to 0.90 mg L' before 1988 and from 0.01 to
1.03 mg L' since 1994 in the studied period. After
controlling for discharge, no significant difference in
annual TP concentration (p=0.50, Table 2) can be
found between pre-BMP (averaged 0.12 mg L") and
post-BMP periods (averaged 0.11 mg L™"). Like other
nutrients, TP loads had a similar trend to the discharge
(Figs. 4(a) and 6(d)), and there was a significant differ-
ence between 1978-1988 and 1994-2008 after

Year

controlling for precipitation (p = 0.024, Table 3). Annu-
al loads of TP varied from 31 to 280 t, averaging 152 t in
pre-BMP period, while post-BMP period loads ranged
from 90 to 320 t averaging 192 t.

After controlling for precipitation, the TN/TP ratio
decreased significantly from 28 to 21 after the wide
implementation of forestry BMPs (p <0.01, Table 3).
Also, interannual TN/TP ratios were much less variable
during 1994-2008.

Long-term seasonal concentrations and loads

Average monthly TSS concentrations ranged from 23
to43 mg L " and 12 to 56 mg L' for 1978-1988 and
1994-2008, respectively. The seasonal trends of long-
term monthly TSS concentrations for the two periods
were similar, both of which decreased from highs in
February to lows in early summer, increased to rela-
tively high levels in fall, and then decreased in
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Fig. 6 Long-term annual loads of
(a) total suspended solids, (b) total
Kjeldahl nitrogen, (c) nitrate and
nitrite nitrogen, and (d) total
phosphorus of the Little River
during 1978-2008. Lines
represent simulations estimated
through Eq. (1), and dots are field 0.1 .
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Table 3 Average annual mass transport (in metric ton) and stan-
dard deviations (SD) of total suspended solids (TSS), total
Kjeldahl nitrogen (TKN), nitrate and nitrite nitrogen (NO;NO,—
N), and total phosphorus (TP), and long-term annual TN/TP molar
ratios for the Little River during 1978-1988 and 1994-2008. All

Year

parameters are compared for statistically significant differences
between the two periods through a one-way analysis of covariance
(ANCOVA) controlling for precipitation. All data in the table are
derived from simulations by Eq. (1)

Loads Mean + SD ANCOVA
Adjusted mean SE 95% confidence interval
Lower bound Upper bound
1978-1988 TSS 55,000 + 27,200 53,9007 4940 43,600 64,200
TKN 1790 + 876 1,710 154 1390 2030
NO;NO,-N 176 £ 89.9 168" 15.4 135 200
TP 152 £67.5 144* 15.9 111 178
TN:TP 28+2.4 28 0.41 27 29
1994-2008 TSS 36,700 + 17,400 37,600 4550 28,100 47,100
TKN 1600 + 691 1,680% 154 1360 2000
NO;NO,-N 158 + 68.0 166° 154 134 198
TP 192 + 84.2 200° 15.9 167 233
TN:TP 20+0.2 21° 0.41 19 21

For each parameter, adjusted means followed by the same letter within a column are not significantly different at the 0.05 level
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Fig. 7 Long-term average monthly concentrations of (a) total suspended solids, (b) total Kjeldahl nitrogen, (c) nitrate and nitrite nitrogen,
and (d) total phosphorus of the Little River during 1978-1988 and 1994-2008

December and was low until the next peak (Fig. 7(a)). the two periods in long-term seasonal trends of TSS
However, it was also obvious that the seasonal varia- concentration (p =0.14).

tion was greater after extensive BMP implementation. Average monthly TKN concentrations changed from
Nine out of 12 months showed an equal or decreased 0.71 to 1.28 mg L' and from 0.73 to 1.40 mg L™
long-term monthly TSS concentrations during 1994— before and after extensive implementation of BMPs,
2008 compared to the pre-BMPs period (Fig. 7(a)). respectively. Like TSS, fluctuations of seasonal trends
Specifically, average monthly TSS concentrations were for the two periods were similar, during both of which
significantly lower from March to June (p=0.01, TKN increased in spring, went down in early summer,
Table 4) and from September to December (p <0.01, went up again in the fall, and decreased in winter (Fig.
Table 4) after controlling for discharge. However, no 7(b)). Five out of 12 months had an equal or lower
year-round significant difference was found between measurement of TKN concentration. After controlling
Table 4 Statistics of a one-way analysis of covariance 1988 period and the 1994-2008 period. Only the parameters and
(ANCOVA), including adjusted mean, standard errors (SE), and months with significant differences are presented. All data in the
95% confidence interval, for average monthly concentrations of table are calculated based on field measurements

parameters of interest controlling for discharge between the 1978—

Month Mean = SD ANCOVA
Adjusted mean SE 95% confidence interval
Lower bound Upper bound

1978-1988 TSS Mar—Jun 30+ 7 30% 2.36 24 36
Sep-Dec 36+9 37¢ 2.14 31 42

TP Mar-Oct 0.14 £ 0.03 0.14* 0.008 0.13 0.16
1978-1988 TSS Mar—Jun 16+3 16° 2.36 10 22
Sep-Dec 21+6 20° 2.14 14 25

TP Mar-Oct 0.10+0.01 0.10° 0.008 0.08 0.12

For each parameter, adjusted means followed by the same letter within a column are not significantly different at the 0.05 level
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for discharge, there was no statistical difference between
the pre-regulation and post-regulation periods in terms
of long-term monthly TKN concentration (p =0.41).

Average monthly NO3;NO,—N concentrations fluc-
tuated from 0.07 to 0.21 mg L' before 1988 and
from 0.06 to 0.29 mg L™ since 1994. Seasonal trends
for long-term monthly NO3NO,—N concentration
were similar to each other as well for two studied
periods (Fig. 7(c)). For 8 months of a year, long-term
monthly NO3;NO,—N concentrations were lower after
BMPs. However, no significant difference was ob-
served in long-term monthly NO3;NO,-N concentra-
tions while controlling for discharge between the two
periods (p =0.76).

In 1978-1988, average monthly TP concentrations
varied from 0.07 to 0.19 mg L' while in 1994-2008
they varied from 0.08 to 0.24 mg L™". In 1978-1988,
long-term monthly TP concentrations seemed to be
lower in winter months and higher in summer months.
In comparison, long-term average TP concentrations
during 1994-2008 did not show a clear seasonal trend
besides a pulse in November (Fig. 7(d)). After the
extensive implementation of BMPs, lower long-term
monthly TP concentrations were observed 9 months
out of the year. Specifically, average monthly TP con-
centrations in 1994-2008 were significantly lower from
May to October after controlling for discharge (p < 0.01,
Table 4). However, there was no significant difference
between pre-BMP and post-BMP periods for long-term
year-round TP concentrations (p =0.31).

Long-term monthly loads of TSS, TKN, NO;NO,—N
nitrogen, and TP in the Little River showed a seasonal
trend closely correlated to river discharge (Figs. 4(b) and
8). From 1978 to 1988, average amounts of monthly
TSS, TKN, NO3;NO,—N, and TP from the Little River to
Catahoula Lake ranged from 244 to 9240 t, from 8§ to
301 t, from 1 to 30 t, and from 1 to 25 t, respectively. In
comparison, during 1994 to 2008, the mean amounts of
monthly TSS, TKN, NO3;NO,—N, and TP entering
Catahoula Lake varied from 101 to 8050 t, from 5 to
326 t, from 0.5 to 32 t, and from 1 to 40 t, respectively.
In general, after extensive implementation of forestry
BMPs, long-term monthly loads seemed to be lower for
TSS, higher for TP, and relatively the same for nitrogen,
which was most evident during months with greater
discharge in winter and spring (Fig. 8). No significant
difference was found for long-term seasonal loads of
TSS, TKN, NOsNO,—N, and TP after controlling for
precipitation (p = 0.65, 0.73, 0.74, 0.14, respectively).

@ Springer

Streamflow frequency and magnitude

Flow duration curves (FDCs) of the daily discharge
generated from the two studied periods were very sim-
ilar (Fig. 2). Based on FDCs, daily discharge that was
greater than 195 and 196 m® s™' could be considered as
“high flows” for 1978-1988 and 1994-2008, respec-
tively (Fig. 2). During “high flow” conditions, average
daily loads of TSS were decreased from 877 to 702 t
after the extensive implementation of forestry BMPs,
while controlling for precipitation (p < 0.01, Table 5). In
comparison, no significant differences were found for
average daily TKN (p = 0.94, Table 5) and NO;NO,—N
(p=0.37, Table 5) loads during 1994-2008. Contrary to
TSS, significant increases were found for average daily
TP loads since 1994 after controlling for precipitation
(from 2.2 t in 1978-2008 to 3.4 t in 1994-2008,
p<0.01, Table 5).

Trend analysis of annual median concentrations

For TSS, TKN, NO3;NO>,—N, and TP concentrations,
Sen’s slope estimates (Q) were — 1.7, 0.023, 0.001, and
—0.005 for the 1978-2008 period, and were —0.838,
0.020, 0.004, and 0.001 during the 1994-2008 period
(Table 6). A significant decreasing trend was detected only
in annual median concentrations of TSS in the post-
regulation period (1994-2008, p <0.05, Table 6), while
a less significant increasing trend was detected for annual
median concentrations of TKN in the pre-regulation peri-
od (0.05<p<0.1, Table 6). In comparison, no other
significant trend was found based on the Mann—Kendall
model. It is also worth noting that TP changed its annual
trend from a decreasing direction during 1978—1988 to an
increasing direction during 1994-2008, although neither
of them was not statistically significant. Those results were
in agreement with ANCOVA results calculated by annual
average concentrations.

Discussion
BMP effectiveness on sediment runoff

The TSS reduction found in this study from 1994 to
2008 demonstrates that long-term BMPs have the ca-
pacity to mitigate impacts of forest operations on water
quality regarding surface erosion at a river basin scale.
This fills the knowledge gap in the verification of the
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Fig. 8 Long-term average monthly mass transports of (a) total suspended solids, (b) total Kjeldahl nitrogen, (c) nitrate and nitrite nitrogen,
and (d) total phosphorus from the Little River during 1978-1988 and 1994-2008

overall effects of forest activities on water quality in
terms of sediment transport. In more detail, many
previous studies have frequently cited forest road ac-
tivities as one of the major contributors to surface soil

Table5 Average daily mass transport (in metric ton) and standard
deviations (SD) of total suspended solids (TSS), total Kjeldahl
nitrogen (TKN), nitrate and nitrite nitrogen (N NO3;NO,—N), and
total phosphorus (TP) during high-flow conditions, and the statis-
tics of a one-way analysis of covariance (ANCOVA), including

runoff on forestlands, with the majority of investiga-
tions on soil erosion (Grace 2005). In the Coastal Plain
region, erosion rate studies have been conducted ex-
tensively as well (Beasley and Granillo 1988;

adjusted mean, standard errors (SE), and 95% confidence interval,
for each parameter controlling for daily precipitation. High flow
was considered to be any average daily discharge (m® s ') with an
exceedance probability less than 10%

Loads Mean + SD ANCOVA
Adjusted mean SE 95% confidence interval
Lower bound Upper bound
1978-1988 TSS 878 + 768 877% 34.1 810 944
TKN 283 +24.1 28.3% 1.17 26.0 30.6
NO;NO,—N 29+2.7 2.9 0.12 2.66 3.14
TP 22+1.5 228 0.12 1.94 2.39
1994-2008 TSS 700 + 582 702° 32.6 638 766
TKN 28.1+22.4 28.1% 1.12 25.9 30.3
NO;NO,-N 27+2.1 2.8% 0.12 2.52 2.98
TP 34428 3.4° 0.11 321 3.65

For each parameter, adjusted means followed by the same letter within a column are not significantly different at the 0.05 level
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Table 6 Trend analysis with the Mann—Kendall model and Sen’s slope estimation of annual median values for total suspended solids (TSS),
total Kjeldahl nitrogen (TKN), nitrate and nitrite nitrogen (NO3NO,—N), and total phosphorus (TP)

Trend p value Sen’s slope estimation
0 B

1978-1988 TSS Decreasing p>0.1 -1.7 39.14

TKN Increasing 0.05<p<0.1 0.023 0.83

NOs;NO,-N Increasing p>0.1 0.001 0.08

TP Decreasing p>0.1 —0.005 0.14
1994-2008 TSS Decreasing p<0.05 —0.838 35.8

TKN Increasing p>0.1 0.020 0.58

NO3;NO,-N Increasing p>0.1 0.004 —0.02

TP Increasing p>0.1 0.001 0.07

Blackburn et al. 1986; Grace 2002). However, few of
them have related observed erosion rates to the quan-
tity of sediment delivered to water systems or water
quality. Sediment delivery to forest streams does not
necessarily mirror erosion losses observed upslope
since downslope sediment trapping characteristics are
also influential (Grace 2005). Also, even though for-
ested SMZs are considered effective in trapping sedi-
ment and reducing stream TSS concentrations (Cristan
et al. 2016), very little effort has been made to assess
the frequency of SMZ breakthroughs for the Coastal
Plain region. In this case, this study provides direct
evidence that BMPs have favorable impacts on the
water that drains forests in terms of reducing sediment
runoff, and those positive effects are especially pro-
found during “high flow” conditions.

Deciphering the relative importance of implement-
ed forest operations leading to the reduction in sedi-
ment runoff is difficult due to the complex interac-
tions of land use, landform, and disturbance. In gen-
eral, BMP implementation was very high for harvest-
ing operations (96.4%) and site preparation treatments
(95.8%) (Kaller 2009), which may play a bigger role
in surface erosion control since previous studies in
the same region have reported significant increases in
sediment concentrations in the water draining from
areas affected by those treatments without BMP im-
plementation (Beasley 1979). In contrast, more atten-
tion may be needed for forest road construction and
maintenance in the studied area, which has been
recognized as one of the primary risk areas in relation
to sediment loss from forest management activities.
According to the Louisiana Department of Agriculture
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and Forestry, road construction within SMZs had
significantly lower BMP implementation (50%) than
any other SMZ activity (Kaller 2009). In addition,
due to the flat watershed topography in Louisiana
and the resulting sluggish stream flow, the effective-
ness of BMP implementation may be aided since
sediments could be stored within the stream channel
through deposition.

Measured TSS concentrations in the Little River
Basin are well within the range of other published
data in the Coastal Plain region (Beasley and Granillo
1988; Keim and Schoenholtz 1999; Riekerk 1982,
1983; Williams and Askew 1988), and the result of
this study is consistent with other publications regard-
ing the long-term performance of BMPs on sediment
reduction in other regions. Reiter et al. (2009)
assessed long-term data on stream discharge,
suspended sediment, and turbidity to determine im-
pacts of sediment control practices (BMPs) on water
quality over 30 years in the Pacific Northwest of
Washington. The authors found that turbidity declined
at all monitoring sites in their study. When evaluated
for the entire watershed, turbidity levels still declined,
even with continued active forest management. They
concluded that declined sediment production was di-
rectly related to reducing sediment production from
roads and minimizing the amount of road runoff
reaching stream channels (Reiter et al. 2009). In
another 15-year paired watershed study on the effects
of BMPs on controlling nonpoint source pollution in
the Ridge and Valley of central Pennsylvania, Lynch
and Corbett (1990) found significant, however rela-
tively small, increases at 2 years post-harvest in
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turbidity. They concluded that BMPs were effective
due to no serious alterations of water quality.

BMP effectiveness on nutrient runoff
Phosphorus

BMPs do not seem to have any discernible long-term
effect on phosphorus concentrations at a basin scale
in this study. Phosphorus, especially phosphate, is of
concern because elevated concentrations can result in
eutrophication of freshwater lakes. A phosphate con-
centration standard of 0.5 mg L' has been
established to protect freshwater lakes (MacDonald
et al. 1991). Changes in levels of phosphorus in
forest streams are usually associated with the trans-
port of soil particles carried by overland flow (Barling
and Moore 1994; Gravelle et al. 2009), and harvest-
ing (Grace 2005) and site preparation (Johnson et al.
1986) are often referenced with the potential to in-
crease phosphorus concentrations. In this study, the
long-term BMP implementation seemed to be very
effective in trapping sediments, especially during
“high flow” conditions. However, similar positive
effects could not be found for TP. The TN/TP ratio
showed a significant decrease during 1994-2008, in-
dicating that possible external phosphorus sources
may exist after the wide implementation of forestry
BMPs. Therefore, effects of forestry BMPs in phos-
phorus control may be offset by other factors like
fertilization.

Fertilization practices in the Southern USA have
been changing with an increased area of pine planta-
tions being fertilized annually since 1991 (Fox et al.
2004; Fox et al. 2007). In the lower Coastal Plain and
Gulf Coasts, poorly drained, clayey Ultisols tend to
be severely phosphorus deficient (Fisher and Garbett
1980). Along the Gulf Coast, well-drained, clayey to
loamy soils on the Citronelle and associated geolog-
ical formations also have been found to be phospho-
rus deficient (Allen and Lein 1998). Therefore, forest
fertilization is usually included in silvicultural regimes
to increase plantation growth (Allen 1987). In the
South, from 1978 to 1991, fertilized forested land
increased around 80 ha year ', while beginning in
1991, the area of fertilized forestland doubled approx-
imately every 2 years through 1999 when fertilization
peaked at 640,000 ha. Since 1999, fertilized forested
land has averaged 570,000 ha year ' (Albaugh et al.

2007). As a result, before 1990, less than 80,000 ha
of southern pine plantations were fertilized whereas
over 500,000 ha were fertilized in 2004 (Forest
Nutrition Cooperative 2005). During this period, fer-
tilizer applications were mainly for phosphorus fertil-
ization which was added to at least 80% of the
fertilized forestland in all but 1 year, aiming at solv-
ing the problems of insufficient phosphorus availabil-
ity in soils for tree demand throughout the rotation
and phosphorus deficiencies developed soon after the
seedlings are planted (Albaugh et al. 2007; Fox et al.
2007; Pritchett and Comerford 1982). Specifically,
from 2000 to 2004, at least 80% of fertilized area
in the South was in the Coastal Plain region with an
average amount of 237,000 t fertilizer year ' applied
to forests (Albaugh et al. 2007).

The effect of phosphorus fertilization would be
mostly obvious during phosphorus exports in large
or intense storm events. Results in this study have
shown that during “high flow” conditions, TP load-
ings were significantly increased by 55% in the post-
BMP implementation era (Table 5). It could be attrib-
uted to the reason that changes in TP concentrations
and loads in forest waters are usually determined by
the rapid addition of phosphorus during fertilization,
and the slow movement of phosphorus into the
stream over time from soils near the stream. Since
flow duration curves for the two periods are similar, it
is very likely that TP concentrations were higher
during “high flow” conditions after the increased
use of phosphorus fertilizer. This may indicate that
although forestry BMPs were significantly effective in
TSS reduction, in large or intense storm events, the
offset effects from the fertilizer overwhelmed the
effects of BMPs, leading to an increase in the TP
concentration in the river. By contrast, in drier condi-
tions, BMPs’ significant effects in trapping sediments
may dominate, which could greatly reduce the move-
ment of phosphorus and decrease the TP concentra-
tion in forest waters. As a result, TP loadings in
1994-2008 could increase with the average TP con-
centrations for the two periods being generally the
same (Tables 2 and 3) since phosphorus exports in
large or intense storm events could account for the
majority of the total TP mass transport. This could
also be an explanation why average TP concentra-
tions were lower from May to October (Fig. 7(d)) and
why monthly average TP loads were much greater
from January to April in 1994-2008 (Fig. 8(d)).
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Nitrogen

Study findings indicate that the long-term effectiveness
of nitrogen reduction is also limited at the basin scale.
Some previous studies have claimed that harvesting
and site preparation would typically lead to increased
water yields, soil moisture, and solar radiation on the
soil surface due to the removal of forest vegetation. As
a result, nitrogen concentration, especially nitrate and
nitrite, in forest waters may increase after timber har-
vest because of decreased plant uptake, increased
flushing by shallow flow pathways, and increased soil
temperatures that increase mineralization and nitrifica-
tion rates (Martin et al. 1984; Marchman et al. 2015).
Those conclusions are mostly derived from short-term
studies, and may not be valid for long-term cases.
Although some forestry studies have shown short-
term increases in stream nitrogen levels after harvest-
ing (e.g., Likens et al. 1970; Pardo et al. 1995), many
other studies have noted that nitrogen exports returned
to pre-harvest levels a few years after harvesting be-
cause of uptake by re-growing vegetation while soil
nitrification returned to pre-disturbance rates (Edwards
and Williard 2010). The efficiency of nitrogen self-
regulating mechanisms in forests over longer periods
of time may explain why no change is found in
nitrogen concentrations over the 30-year span of this
basin scale study.

In addition, forestry BMPs are not developed to
fundamentally control nitrogen transport through all
mechanisms. Nitrogen, mainly nitrate and nitrite, is
transported primarily through leaching of soluble spe-
cies. Much of the TKN is also transported as dissolved
organic nitrogen. Forestry BMPs are designed to control
nitrogen transport mainly through minimizing the inci-
dence of Horton overland flow moving from the har-
vesting areas to the streams, and SMZs are often con-
sidered as one of the most functional parts in BMPs that
sequester nitrogen transport and promote denitrification
(Lowrance et al. 2000). However, most forestry BMPs
do not have the capacity to affect subsurface processes,
except for encouraging infiltration of surface flows to
the extent possible. Therefore, dissolved nutrients such
as nitrate, which commonly travels by subsurface path-
ways, could not be substantially influenced by BMPs.
This is demonstrated in this study by similar amounts of
nitrogen mass transport during “high flow” conditions
between the two study periods (Table 5). Based on the
discussion above, at basin scale, it may be expected to
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see limited long-term effectiveness of forestry BMPs on
nitrogen control.

Comparisons with other studies in the Southern/
Southeastern Coastal Plain region

The nitrogen and phosphorus levels observed in this
study are within the range of those reported from other
publications for forest streams in the Southern/
Southeastern Coastal Plain region. For instance, in a
study of decadal nutrient inputs of coastal rivers, He
and Xu (2015) reported similar ranges of annual con-
centrations for TKN, NO3NO,—N, and TP in the past
30 years in Sabine River (0.52-1.49, 0.04-0.10, and
0.04-0.11 mg L', respectively) and Calcasieu River
(0.42-1.22, 0.07-0.24, and 0.06-0.16 mg L', respec-
tively) whose river basins are forest-pasture dominated
(54 and 51%, respectively) in coastal Louisiana. In
another study focusing on effects of forest harvesting
and BMPs on nutrient concentrations in the Upper
Coastal Plain, authors observed median concentrations
ranging from 0.01 to 0.05 mg L™" for TP and from 0.44
to 2.89 mg L' for total nitrogen (TN) during pre-
harvest period, and varying from 0.008 to 0.03 mg L'
for TP and from 0.41 to 2.99 mg L™ for TN in post-
harvest period for all their monitoring sites in small
headwater streams in Southwest Georgia (Marchman
et al. 2015).

Reported effectiveness of forestry BMPs in adjusting
phosphorus and nitrogen levels in water draining from
forested watersheds is variable for short-term and/or
plot-scale cases in the Southern Coastal Plain region
(Edwards and Williard 2010; Marchman et al. 2015;
Wynn et al. 2000). In comparison, very few studies have
been conducted reporting long-term effectiveness of
forestry BMPs at basin scale in terms of nutrient runoff
(Cristan et al. 2016). Based on the discussion above
taken collectively, we suggest more future studies to
be taken to test the long-term effectiveness of forestry
BMPs on nutrient runoff at a large watershed scale.

Strengths and limitations of long-term watershed-scale
BMP evaluation

In plot-scale/short-term studies, effectiveness of forestry
BMPs may be overestimated or underestimated due to
the types of flow conditions that occur during monitor-
ing. For example, most suspended sediment transport
occur during large or intense storm conditions (Beasley
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1979), which occur infrequently and randomly. There-
fore, even if sediment is delivered to a channel and
remains relatively available, it may not be flushed from
the watershed during the period of stream water moni-
toring. This would result in an overestimate of the BMP
efficiency because the temporary storage would be
interpreted as better BMP effectiveness than actually
occurred. In contrast, long-term watershed-scale studies
could overcome this type of shortcomings to a great
extent and better represent the collective effectiveness
of forestry BMPs.

However, large watersheds tend to have myriad sinks
that may delay or attenuate the solute signal from the
land. For instance, some eroded sediment originating
from management activities may be stored on the hill-
side or in the channel. If the area of storage was a
riparian buffer and if storage is permanent, then the
attribution of the reduction of the constituent delivery
is fully appropriate in the evaluation of the BMP effec-
tiveness. If storage was not by the riparian buffer or if it
was not permanent, substantial amounts of sediment
delivered to a stream channel can be stored for decades
and perhaps longer before being flushed from the wa-
tershed (Trimble 1981), leading to BMP efficiencies
being incorrectly evaluated in some situations. Addi-
tionally, there may be changes in the forestry equipment
and approaches over a long period of time, some of
which are hard to track and include in the statistical
analysis. Therefore, it should be noted that limitations
exist for the evaluation of long-term BMP effectiveness
in a large watershed.

Conclusions

This study assessed long-term trends of total suspended
solids, nitrate/nitrite nitrogen, total Kjeldahl nitrogen, and
total phosphorus concentrations and loads in an intensive-
ly managed forested watershed in the Southern USA. The
goal of the study was to examine the effectiveness of
forestry BMPs in water quality protection at a basin scale
and in a longer term. Based on the results, we conclude
that forestry BMPs are effective in reducing sediment
runoff from the intensively managed forested watershed.
Although stream sediment loading was strongly reduced
following BMP implementation, TP loading at the basin
outlet increased by 27%, which was probably caused by a
drastic increase in the application of phosphorus fertilizer
after 1991. Stream nitrogen concentrations and loading in

the post-BMP implementation era showed little change
when compared to those in the pre-BMP implementation
period. The results suggest that current BMP guidelines
for fertilization and nutrient management need to be
reviewed and improved. This study filled a knowledge
gap in the long-term effectiveness of forestry BMPs at a
basin scale in the Southern Coastal Plain region of the
USA. Since forestry BMPs are region specific, we suggest
that future studies be conducted in other regions at a large
watershed scale.
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