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Abstract. Five methods for estimating maximum daily and annual nitrate (NO?) and suspended 
sediment loads using periodic sampling of varying intensities were compared to actual loads cal- 
culated from intensive stormflow and baseflow sampling from small, forested watersheds in north 
central West Virginia to determine if the less intensive sampling methods were accurate and could 
be utilized in TMDL development. There were no siflificant differences between the annual NO3 
load estimates using non-intensive sampling methods and the actual NO3 loads. However, maximum 
daily NO3 loads were estimated less accurately than annual loads. The ability to estimate baseline 
NO3 loads fairly accurately with non-intensive concentration data is attributed to the small fluctua- 
tion in NO3 concentrations over flow and time, particularly during storms. By contrast, suspended 
sediment exports determined by any of the non-intensive methods varied significantly and widely 
from and compared poorly to the actual exports for both daily and annual methods. Weekly sampling 
better approximated actual annual exports, but there were no significant statistical differences among 
weekly, monthly, and quarterly estimates. Suspended sediment concentrations varied widely within 
and among storm events, so that accurate estimates of total annual or maximum daily loads could not 
be obtained from infrequent sampling. 

Keywords: nitrate, sampling frequency, stormflow concentrations, suspended sediment, total 
maximum daily loads 

1. Introduction 

The concept of total maximum daily loads (TMDLs) was established in 1972 in 
section 303(d) of the Federal Water Pollution Control Act Amendments to the 
Clean Water Act (P.L. 92-500) of the United States of America. Section 303(d) 
requires states to identify water that remained polluted after the adoption of tech- 
nology standards aimed at point source polluters, prioritize the impaired waters, 
and develop TMDLs to meet applicable water quality standards. The formula for 
TMDL development includes waste load allocations from point sources, load alloc- 
ations from nonpoint sources, a margin of safety for uncertainty in the calculations, 
and a margin for discharges from future development within the watershed. Action 
on TMDL development remained dormant until the late 1980s-early 1990s when 
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a series of citizen lawsuits spurred the United States Environmental Protection 
Agency (U.S. EPA) and states into action (Houck. 1999). Most recently, the fo- 
cus of TMDL development has been on nonpoint sources, such as agriculture and 
silv~culture. 

Before effluent loads from different pollution sources or land uses can be alloc- 
ated to meet water pollution standards, current water pollutant levels contributed 
from each source within the watershed must be assessed and quantified. The most 
reliable way to assess these baseline contributions is to sample water for pollutants 
of interest, at levels in both space and time that adequately quantify these condi- 
tions. After current levels are established, pollutant Bllocation to the various sources 
within the watershed can be accomplished in a variety of ways so that permissible 
effluent loads along with a margin of safety (33 U.S.C. Section 1313) are achieved. 

Unfortunately, rigorous establishment of baseline pollutant levels is not easy 
and often may not be accurate because sufficient numbers of samples are not col- 
lected or sampling times do not correspond to important discharge events covering 
the range of baseline conditions. Resultmg allocation of pollutant loads, therefore, 
may not result in improved water quality. Establishment of baseline conditions 
may be difficult from forested lands on which silvicultural operations and other 
nonpoint sources of pollution exist because effluent discharges are not necessarily 
predicted as easily as from point sources. For example, the timing of discharges 
and associated concentrations of pollutants from industrial point sources often are 
controlled by the industry, so corresponding loadings are quantified easily. By con- 
trast, the highest concentrations of pollutants from forested watersheds often are 
attributable to storm events (Edwards etal. 2001; Eshieman etal., 1998: Swistock 
et al., 1997), which occur randomly. All ranges of flows and associated constituent 
concentrations may need to be included in the data set to establish baseline load- 
ings within an acceptable level of accuracy; therefore, it may not be reasonable to 
use infrequent sampling during baseline establishment of pollutant loads. If initial 
estimates of current conditions are inaccurate, allocation of TMDLs will be based 
on flawed values and assumptions that may not reduce impairment. 

State water quality agencies throughout the country measure baseline concen- 
trations and loadings for TMDLs in most streams and rivers from in-place state 
water quality sampling programs or from federal programs (e.g., United States 
Geological Survey sampling). Due to costs and available resources, these programs 
typically employ infrequent sampling strategies; sampling from a given stream or 
river is rarely more frequent than seasonal (i.e., 4 times per year). Consequently, 
our objective was to examine how suspended sediment and NO3 loadings, using 
various sampling frequencies, compare to actual loadings. We employed sampling 
frequencies that states are using or are likely to use to determine baseline con- 
ditions. as well as more intensive frequencies than are commonly used. These 
comparisons provide an indication of whether typical sampling frequencies will 
yield reasonable estimates of baseline conditions, which largely will determine 
if TMDL success can be measured. We selected suspended sediment and NO3 
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because they are common nonpoint source pollutants from forestry operation., 
(Reinhart et al., 1963; V~tousek and Melillo, 1979; Manin er al., 2000). 

Our objectives in this paper should not be confused with the many and varied 
modeling approaches used later In the TMDL process, such as development of 
models to estimate concentrations, flows, or loads during periods that have not 
been sampled or measured, or allocations of loads to the various land Owners and 
pollution sources in the watershed. Such modeling or allocation efforts are built 
upon the assumption that current water quality conditions are known with some 
acceptable degree of accuracy, and these known conditions are incorporated in 
various ways in these models. If calculated baseline loads have substantial error, 
these later modeling efforts will be similarly flawed. 

2. Methods 

2.1. FIELD AND LABORATORY PROCEDURES FOR No3 

Stream NO3 and suspended sediment concentration data used in this analysis were 
collected on separate watersheds. Stream NO3 concentrations were obtained from 
1988 to 1993 from watershed 4 (WS4) on the Fernow Experimental Forest, Tucker 
County, West Virginia (WV). This 38.7 ha catchment has been relatively undis- 
turbed since approximately 1905. Around 1905 the native hardwood vegetation 
growing on WS4 was harvested heavily. Since that time it has regenerated natur- 
ally and now supports a mature overstory stand dominated by sugar maple (Acer 
saccharurn), red maple (A. rubrum), American beech (Fagus grandifolia), northern 
red oak (Quercus rubra), and black cherry (Prunus serotina). 

Streamflow on WS4 has been measured continuously since 1951 with a 120' 
sharp-crested V-notch weir in combination with a Belfort FW-I water-level re- 
corder. 'Routine samples' of stream water were taken every Tuesday at approxi- 
mately the same time each week; thus, both baseflow and various levels of storm- 
flows were represented by these grab samples. 

In addition, 'stomflow samples' were collected from the WS4 stream during 
63 rainfall and snowmelt events in the study period. Precipitation totals for these 
events ranged from 0.84 to 11.6 cm, though 76% of these had between 1.78 and 
3.81 cm precipitation. Stormflow samples were collected throughout storm hydro- 
graphs using ISCO automatic samplers. Discrete samples were collected every 
0.5 hr during the growing season and every 1 hr during the dormant season on 
the rising limb of virtually every storm hydrograph. Falling limb samples were 
collected on 1 hr or longer intervals regardless of season. The time between falling 
limb samples was largely dependent upon the storm length; the longer the falling 
limb, the greater the time between samples. Six hours generally was the longest 
duration between samples, and this length was for falling limbs that required days 
to return to baseflow levels. The longest runoff events typically were rain-on-snow 
events. 
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Samples were retrieved from the field and analyzed for NO3 by ion chroma- 
tography using EPA-approved methods at the USDA Forest Service's Timber and 
Watershed Laboratory in Parsons, WV. Specific information on field and labora- 
tory set-ups, equipment, and protocols are provided in Kochenderfer and Edwards 
(1990) and Edwards and Wood (1993). 

2.2. FIELD AND LABORATORY PROCEDURES FOR SUSPENDED SEDIMENT 

Suspended sediment samples were collected from 1994-1998 from two adjacent 
watersheds on the Monongahela National Forest in Randolph County, WV. One 
watershed (52.3 ha) has been undisturbed since 1938 when it came under Forest 
Service ownership (unharvested watershed). Prior to 1938, it had been farmed for 
many years, probably since the mid 1800s. Only a small amount of land in the 
upper portion of the watershed, well away from the stream, was plowed. A second 
watershed (104.7 ha) also had been farmed prior to 1938 (harvested watershed). 
Cultivation appears to have resulted in greater erosion and in-stream siltation on 
the harvested watershed compared to the unharvested watershed. A timber sale 
on one side of the harvested watershed was conducted approximately 25 yr ago. 
Another 27.1 ha were clearcut from June to November 1995. A skid road and 
haul road network occupying approximately 8-10% of the watershed area was 
constructed for the 1995 harvesting. All wood removal was done using wheeled 
skidders. Streamflow was measured continuously using a 0.76 m rectangular weir 
in the unharvested and a 0.91 m rectangular weir in the harvested watershed in 
combination with Belfort FW- I water-level recorders. 

The adjacent unharvested and harvested watersheds are located -10.5 km air 
distance from WS4. Calvin channery silt loam soils and Hampshire geology pre- 
dominate in all three watersheds. Topographic characteristics are also similar among 
the three watersheds. Mean slopes for the unharvested, harvested, and WS4 wa- 
tersheds are 35, 25, and 25%, respectively. Elevation ranges for the unharves- 
ted, harvested, and WS4 watersheds are 700-1000, 700-1000, and 740-870 m, 
respectively. 

'Routine' suspended sediment samples were collected every 6 hr throughout the 
study using ISCO automatic samplers. Due to the random nature of storm events, 
routine samples included baseflow and various event samples. 'Stormflow' samples 
were collected with separate ISCO automatic samplers on 1 hr intervals throughout 
the hydrograph of most of the rainstorms and snowmelt events (n = 82 for unharves- 
ted, n = 80 for harvested) that occurred during these years, although some samples 
in the early part of the study were collected on 30 min intervals. Since suspended 
sediment concentrations vary greatly throughout the storm hydrograph in these 
headwater streams, sampling the entire storm hydrograph assured that sediment 
concentrations were characterized well. Suspended sediment concentrations were 
determined at the Parsons laboratory. Total suspended solids were determined using 
U.S. EPA method 160.2; the mineral portion of the suspended sediment was further 
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isolated by burning off the organic material at 823 O K  in a muffle furnace using U.S. 
EPA method 160.4 (Keith, 199 1 ). 

Even though the term total maximum daily loads suggests yields are based upon 
daily loads, TMDL legislation permits expressing yields over any logical time 
period for the constituent in question (40 CFR 130.2(i)). Therefore, TMDLs com- 
monly are reported on an annual basis. Consequently, we considered both max- 
imum daily loads and total annual loads. 

Total annual loads were calculated on a water year, rather than a calendar year, 
bass  The water year for NO3 was defined as May-April, which has been found to 
be most appropriate for this area. The growing season extends from May-October, 
and the lst, 2nd, 3rd, and 4th quarters within a water year extend from May-July, 
August-October, November-January, and February-April, respectively. 

To maximize the number of full years for sediment samples, water years for 
suspended sediment correspond to the initiation and termination of data collec- 
tion. The water year for suspended sediment sampling extends from October- 
September. While this definition of water year is not quite as appropriate for this 
area as the May-April water year used for NO3, it is used commonly in the region, 
so it is adequate for the comparative purposes of this paper. Under the October- 
September water year, the Ist, 2nd, 3rd, and 4th quarters of the year extend from 
October-December, January-March. April-June, and July-September, respectively. 

2.3.1. Arlnual Load Methods 
Estimates of actual total annual loads (kg ha-' yr-' ) of NO3 and suspended sed- 
iment were determined by applying flow from the watershed of interest to all 
of the available NO3 or sediment concentrations from that watershed for each 
year. Every routine and storm sample that was collected was used to calculate 
actual loads. Each concentration (mg L-') was applied to the accumulated flow 
since the last sample was taken along with appropriate conversion factors to obtain 
loading values. These loads were summed annually and are considered 'actual an- 
nual exports'. While there are many ways to calculate annual loads, (e.g., Walling 
and Webb, 1981; Swistock et al., 1997). we used summation procedures, which 
are generally more accurate than rating curves, at least for suspended sediment 
(Bunte and MacDonald, 1998). We used instantaneous values rather than mean 
values prior to summing to obtain better load estimates (Walling and Webb, 1981). 
Thomas (1991) suggested that random sampling may improve estimates of annual 
sediment loads. so we also included random sampling via the RANUNI function in 
SAS in our scheme (SAS, 1988). The RANUNI function in SAS created a series of 
random numbers between 0 and 1 for each time period of interest (i.e., each month 
or quarter). Seed numbers were created randomly in each SAS program so they 
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were different for the monthly versus quarterly random samples. Resulting random 
numbers were assigned to categories based upon equal distance ranges. 

To compare actual annual exports to estimates of exports using other less fre- 
quent sampling schemes, NO3 and suspended sediment exports were calculated 
using the five methods below. Weekly, monthly, or quarterly loads were summed 
for each method to obtain estimates of total annual export. 

1. Weekly exports (W): routine sample concentrations of NO3 and suspended 
sediment were multiplied by the total accumulated flow for that week (Sunday- 
Saturday). 

2. Monthly fixed exports (MF): the first routine sample concentration of NO3 and 
suspended sediment in each month was multiplied by the total flow for that 
month. 

3. Monthly random exports (MR): a randomly selected routine sample concen- 
tration of NO3 and suspended sediment in each month was multiplied by the 
total flow for that month. 

4. Quarterly fixed exports (QF): the first routine sample concentration of NOs 
and suspended sediment in each quarter was multiplied by the total flow for 
that quarter. 

5. Quarterly random exports (QR): a randomly selected routine sample concen- 
tration of NO3 and suspended sediment in each quarter was multiplied by the 
total flow for that quarter. 

Methods W, MF, and QF correspond most closely to formalized sampling programs 
that employ repetitive timing of samples, while methods MR and QR correspond 
to programs that are less formal and depend on the schedules of the individuals 
collecting the samples rather than predefined fixed sampling times. 

2.3.2. Maximum Daily Load Methods 
Actual maximum daily exports were calculated using only the stormflow data set 
since the storms included the largest flows and concentration values (compared to 
the routine data set). The NOs or suspended sediment concentration (mg L-I) was 
applied to the accumulated flow since the previous sample for that day. These loads 
were summed to obtain the actual daily load for each day. The single largest daily 
load in each year was then used as 'actual maximum daily load'. 

Estimates of actual maximum daily loads for each year using less-frequent and 
non-intensive sampling (i.e., no discrete sampling throughout individual storms) 
were calculated using routine concentrations and employing the same sampling 
frequencies and fixed or random sample strategies used for annual exports. The 
same random samples selected for the annual exports were used in the daily export 
calculations. 
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1. Weekly =mple (W): each routine sample concentration of NO3 and suspended 
sediment was multiplied by the total flow for the day (00:W24:00 hr) the 
sample was collected. 

2. Monthly fixed sample (MF): the first routine sample concentration of NO3 and 
suspended sediment in each month was multiplied by the largest total daily 
flow (00:0&24:00 hr) that month. 

3. Monthly random sample (MR): a randomly selected routine sample concen- 
tration of NO3 and suspended sediment in each month was multiplied by the 
largest total daily flow (00:00-24:00 hr) that month. 

4. Quarterly fixed sample (QF): the first routine sample concentration of NO? and 
suspended sediment in each quarter was multiplied by the largest total daily 
flow (00:00-24:OO hr) that quarter. 

5. Quarterly random sample (QR): a randomly selected routine sample concen- 
tration of NO3 and suspended sediment in each quarter was multiplied by the 
largest total daily flow (00:00-24:00 hr) that quarter. 

The largest total daily flow during the monthly and quarterly sampling periods were 
used in methods MF, MR, QF, and QR because the concentration measured during 
non-intensive sampling is assumed to be representative of that entire period, and 
loadings are controlled largely by flows. 

2.3.3. Statistical Analysis 
The difference between each actual annual or daily value and each estimated value 
was determined for each year and method. Negative values indicate that the actual 
value was less than the estimated value, while positive values indicate the actual 
value was greater than the estimated value. 

Duncan's multiple range tests were used to determine differences among mean 
actual values and mean estimates in SAS (SAS, 1988). A significance level of 
0.05 was used for all comparisons of means. To meet the assumptions of Duncan's 
test, the comparisons must involve data that are independent. However, because the 
computation procedure for each method employs data from the same data set, this 
assumption is not entirely met. The actual values and the weekly method compar- 
isons involve the least independence, particularly for the annual loads. However, 
the other methods use data that are more independent from the other values due 
to the relatively small amount of overlapping data. Consequently, we employed 
Duncan's multiple range comparisons as a relative index of similarity or difference. 
The calculated values by each method also were similar enough or different enough 
that the reader likely would come to the same conclusions as the tests without 
statistical comparisons. 
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TABLE I 
Annual maximum concentrations of all d m  (storms and 
routines) for NO? on WS4 (undisturbed) and suspended sedi- 
ment on the unharvested nnd harvested watersheds 

Year NO3 Year Suspended sediment 

WS4 Unharvested Harvested 

(mg L-I ( m g ~ - l )  - 

3. Results 

Annual maximum NO3 concentrations for WS4 and annual maximum suspended 
sediment concentrations for the unharvested and harvested watersheds are presen- 
ted in Table I. Concentrations of NO3 varied little, even during large discharges, 
compared to suspended sediment, which varied substantially with flow (Figure 1). 
Minimum concentrations for both NO3 and suspended sediment were below the 
minimum detection limits (0.04 and 0.0001 mg L-', respectively). The maximum 
NO3 concentration for all the monitored years was 7.08 mg L-' in 1989, and 
all of the annual maximum concentrations occurred during storm runoff events. 
Maximum sediment concentrations were much greater than NO3 concentrations. 
Suspended sediment maximums ranged from approximately 77 mg L-' to more 
than 1700 mg L-' (Table I). With the exception of 1998, maximum suspended 
sediment concentrations on the unharvested watershed were all less than on the 
harvested watershed. 

3.2. ANNUAL No3 EXPORTS 

Actual annual NO3 exports from WS4 ranged from approximately 16 to 38 kg 
ha-' yr-' (Table 11). There were no significant differences (a = 0.05) among the 
mean loads estimated from each of the five methods and the mean of the ac- 
tual annual NO3 exports (Table 11). The largest differences between the actual 
and estimated loads ranged from -1.04 kg ha-I. yr-' (overestimated) to 4.9 kg 



TABLE I1 
m 

Difference between actual annual NO3 loads and estimated annual loads using the five methods described in the text for WS4 > 
3 - - - _ _ _ _  " 

Water Actual Method r_ 
Z 

year daily W MF MR QF QR C) 
n 

expon" Estimate Difference Estimate Difference Estimate Difference Estimate Difference Estimate Difference 9 
[" 
0 

(kg ha-' yr-') 8 
b 

~ e a n ~  24.448 23.49a 0.95 23.92a 0.52 23.85a 0.59 23.12a 1.32 22.06a 2.38 R 'i 
" The actual annual export was determined using all srorrnflow and routine sample concentrations from WS4. 5? 

Means of actual values and estimates with different letters are significantly different from one another. 
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Figure I .  Examples of NO3 and suspended sediment concentration changes with flow. (a) WS4, 
21-26 November 1991, and (b) Harvested watershed, 7-8 May 1994. These storms had the greatest 
concentrations for their respective years, as in Table I. 

ha-' yr-I (underestimated). ,Almost 80% of the individual differences were pos- 
itive (Table II), indicating the five estimation methods tended to underestimate 
annual exports. Five of the seven negative differences occurred for the monthly 
calculation procedures (Table XI). 
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We expected to see greater disparity between the actual and estimated annual 
loads with decreasing sampling frequency used to calculate the annual exports. 
While the averap? differences using quarterly samples (methods QF and QR) were 
greater than those for the monthly values (methods MF and MR) (Table II), there 
was no clear trend or pattern in the individual differences by sampling frequency. 

3.3. MAXIMUM DAILY No3 LOADS 

Actual maximum daily NO3 loads from WS4 ranged from about 0.7 to 2.8 kg 
ha-' d-' (Table 111). As with the annual loads, there were no trends of decreasing 
ability to estimate maximum daily loads with decreasing sampling frequency and 
no significant differences among the means of the estimates or actual maximum 
daily exports (Table 111). Again, maximum daily loads almost always were under- 
estimated: only two of the 30 individual estimates were greater than the actual 
maximum daily load, and both of these estimates were very close to the actual 
maximum daily load (0.894 kg ha-' d-' estimated by methods W and MF vs. the 
actual maximum daily load of 0.871 kg ha-' d-I). 

Maximum daily loads were not estimated as accurately as annual loads. Percent 
errors between the actual and estimated values (i.e., [(actual-estimated)/actual] x 
100) for daily values primarily ranged from 20-55%. whereas the percent errors 
for annual loads generally were less than 13%. 

3.4. ANNUAL SUSPENDED SEDIMENT EXPORTS 

Actual annual suspended sediment loads were quite variable from year to year 
in both the unharvested and harvested watersheds (Table IV), but each year's ac- 
tual exports were consistently greater in the harvested watershed than the un- 
harvested watershed. In the harvested watershed actual exports ranged from 45 
to 725 kg ha-' yr-', whereas on the unharvested watershed actual suspended 
sediment exports ranged from 19 to 425 kg ha-' yr-' (Table IV). 

Suspended sediment loads and differences between actual and estimated sus- 
pended sediment loads (Table 1V) for each of the five methods were much greater 
for all years than those for NO3 exports (Table 11). Only three of the suspended 
sediment estimates were greater than the actual annual exports, and all of these 
were from the unharvested watershed (Table IV). 

All of the mean estimates were significantly less than the actual annual exports 
on both watersheds (Table IV). There were no statistically significant differences 
among the 5 mean suspended sediment export estimates. However, with few ex- 
ceptions, annual estimates of suspended sediment exports using weekly sampling 
(method W) better approximated the actual annual exports than any of the less fre- 
quent sampling schemes (methods ME MR, QF, and QR) (Table IV). Differences 
across methods within a year were not dramatic, but year-to-year variation in the 
difference values was much more marked (Table IV). Regardless of the sampling 
frequency used, estimates of annual suspended sediment yields were poorer in 1994 



TABLE I11 
Difference between actual maximum daily NO3 loads and estimated maximum daily loads using the five methods described in the text for WS4 

Water 

Year 

Actual 
daily 
maximum" 

Method 
W MF MR QF QR 

Estimate Difference Estimate Difference Estimate Difference Estimate Difference Estimate Difference 
.w 

(kg ha-' d - I )  
t-, 

rn 
g 

" The actual maximum daily load was determined using all stormflow and routine sample concentrations from WS4. 
Means of aclual values and estimates with different letters are significantly different from one another. 



TABLE IV 
Difference between actual annual suspended sediment loads and estimated annual loads using the five methods described in the text for the unharvested 
and harvested watersheds. Harvesting occurred June-November 1995 

Water Actual Method 

year annual W MF MR QF QR 

exporta Estimate Difference Estimate Difference Estimate Difference Estimate Difference Estimate Difference 

Unharvested watershed 

Harvested watershed 

The actual annual export was determined using all stormflow and routine sample concentrations from the unharvested or harvested watershed. 
Means of actual values and estimates with different letters are significantly different from one another. 
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and 1996 than in  other years. The sum of the actual annual suspended sediment 
exports for 1995, 1997, and 1998 were less than the individual suspended sediment 
exports for either 1994 or 1996 on either catchment. Reasons for the significant 
suspended sediment exports in 1994 and 1996 are presented in the Discussion 
section. 

3.5. MAXIMUM DAILY SUSPENDED SEDIMENT LOADS 

Year-to-year variation in actual maximum daily loads of suspended sediment ex- 
ports for both the harvested and unharvested watersheds was very large (Table V). 
Actual maximum daily values on the unharvested watershed ranged from approx- 
imately 2 to 312 kg ha-' d-', and values on the harvested watershed ranged from 
approximately 8 to 336 kg ha-' d-I. Mean actual maximum daily loads for the 
two watersheds were nearly identical, approximately 96 and 106 kg ha-' d-'. The 
highest actual daily loads for 1994 and 1996 were many times greater than the 
highest actual daily loads for the other years (Table V). These individual days' ex- 
ports constituted 45-73% of the total annual exports in 1994 and 1996 (Table IV). 

All five estimates of maximum daily loads were significantly different than the 
actual daily loads (Table V), and almost all of the estimates of maximum daily 
suspended sediment loads were underestimated by all methods for all years. The 
maximum daily load was overestimated only twice, both times on the unharves- 
ted watershed in 1998. The closest estimated maximum daily load to the actual 
maximum daily load was underestimated by a factor of approximately 1.7 on 
both watersheds (method MR, 1995 unharvested watershed, and method W, 1995 
harvested watershed), which translates to approximately 40 percent error on both 
watersheds. The average difference between the actual maximum daily load and 
estimated maximum daily loads was 92.5 and 103.9 kg ha-' d-', respectively, 
for the unharvested and harvested watersheds, representing average percent errors 
of 96.8 and 97.496, respectively. Estimates of maximum daily loads across the 
five methods were similar to one another. The largest maximum daily export of 
suspended sediment estimated by any of the methods on both watersheds was 
approximately 18 kg ha-' d-', and only two estimates on each watershed were 
greater than 10 kg ha-' d-' for all the years. 

4. Discussion 

4.1. No3 LOADS 

Almost all of the estimates of annual exports of NO3 differed from the actual 
annual exports by less than 2 kg ha-' yr-I and were not significantly different 
than the actual annual exports (Table 11). Thus, in situations where concentrations 
do not fluctuate substantially with flow or time-related conditions, as supported 



TABLE V 
Difference between actual maximun~ daily suspended sediment loads and estimated maximum daily loads using the five methods described in the text for 
the unharvested and harvested watersheds. Harvesting occurred June-November 1995 

Water Actual Method 
year daily W MF MR QF QR 

maximuma Estimate Difference Estimate Difference Estimate Difference Estimate Difference Estimate Difference c,, 
e 
- 

Unharvested watershed - 

Harvested watershed % = 
1994 149.27 7.87 141.40 2.17 147.10 2.62 146.65 0.28 148.99 0.43 148.84 5 
1995 30.78 18.19 12.59 0.16 30.62 0.25 30.53 0.1 1 30.67 0.20 30.58 3 
1996 335.98 8.87 327.11 1.00 334.98 11.26 324.72 1.00 334.98 2.12 333.86 % 
1997 8.13 1.46 6.67 1.06 7.07 0.42 7.7 1 1.47 6.66 0.36 7.77 
1998 9.03 2.05 6.98 0.67 8.36 0.77 8.26 0:67 8.36 2.02 7.01 

" The actual maximum daily load was determined using all stormflow and routine sample concentrations from the unharvested or harvested watershed. PJ 
Means of actual values and estimates with different letters are significantly different from one another. VI 
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by the small differences in minimum and maximum concentrations (Table I), fre- 
quent water quality sampling, involving storm-events, appears to be unnecessary. 
Furthermore, the greater difficulty and expense associated with deploying a storm- 
flow sampling strategy compared to less intensive sampling, makes a less intensive 
sampling strategy more desirable. 

Quarterly sampling of stream water NO3 was sufficient to estimate annual NO3 
exports fairly accurately as long as continuous and accurate measurements of 
streamflow were applied to the available concentrations. When concentrations vary 
little with discharge, streamflow dominates load calculations (Swistock et al., 1997). 
Even NO3, which is one of the most seasonally varying inorganic nutrients of 
concern in TMDLs, did not vary substantially enough in this forested watershed to 
significantly alter estimates of annual totals using only quarterly sampling. Given 
the relatively high concentrations of NO3 in stream water in this mid-Appalachian 
region (Williard et al., 1997) compared to other places in the United States (Stod- 
dard, 1994), low-intensity sampling may be adequate for many other small forested 
or predominantly forested watersheds in the Appalachian region and elsewhere. 
However, NO3 concentrations in WS4 may be less variable during storms and 
seasonally than many other forested watersheds due to WS4's reported state of 
advanced nitrogen saturation (Stoddard, 1994; Peterjohn et al., 1996). ~ e l a t i v e l ~  
high NO3 concentrations during both the growing and dormant season are theor- 
ized to result from nitrogen saturation, compared to more varying concentrations 
within-storms and among-seasons in ecosystems where nitrogen is still limiting 
(Stoddard, 1994). But even with the greater variability in NO3 concentrations that 
might be expected in the absence of nitrogen saturation, low-intensity sampling 
probably would be applicable in other forested watersheds because the range of 
reported NO3 (and total nitrogen) concentrations is fairly small from both un- 
disturbed forested watersheds (Clark et al., 2000; Martin et al., 1986) and man- . 
aged watersheds (hzrvests, including clearcuts). This small range of variability 
applies even to watersheds in the White Mountains of New Hampshire, which have 
the highest reported changes in NO3 concentrations from clearcutting in North 
America (Vitousek and Melillo, 1979). Furthermore, because streamflow values 
are much larger and more important in the loading calculation than even the largest 
NO3 concentrations reported from small, forested watersheds, the lack or presence 
of nitrogen saturation is largely a non-issue. 

Non-intensive sampling also may be appropriate for estimating annual NO3 
exports from large watersheds. Review of NO3 concentrations from 67 water- 
sheds comprised of predominantly undeveloped land (i.e., forests, wetlands, or 
rangeland) in the US Geologic Survey's National Water-Quality Assessment Pro- 
gram (NAWQA) database (http://water.usgs.gov/nawqa/nutrients/) shows that the 
highest concentration observed at any site sampled was 28.78 mg NO3 L-' from a 
18 904 km2 watershed. As this concentration was fairly high, it is likely that other 
land uses, such as agriculture, also were important in this predominately-forested 
watershed. Given that the instantaneous flow of 0.16 m3 s-' on WS4 dominated 
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the loading calculation when the highest NO3 concentration was 7.08 mg NO3 L-' , 
the flow of 9.20 m3 s-' from this large NAWQA watershed should overwhelmingly 
dominate the loading calculation, even with a concentration that is about 4.5 times 
greater than that observed for the smaller WS4. 

However. the assumption that non-intensive sampling is adequate for NO3 on a 
wider scale and on any specific larger watershed should be verified. In watersheds 
containing substantial portions of agricultural or developed land, this assumption 
may not be true, since concentration changes with time or runoff events could be 
substantial. For example, NAWQA data for 89 predominantly agricultural and 27 
mixed agricultural/urban watersheds, respectively, show much higher maximum 
concentrations of approximately 160 and 206 mg NO3 L-' with minimum con- 
centrations of 0 mg NO3 L-'. The corresponding instantaneous flows associated 
with these highest concentrations were 1.02 and 0.14 mb-I .  The wide range of 
concentrations coupled with the disproportionately larger maximum concentrations 
and similar or only slightly higher flows on these large non-forested watersheds 
may mean that more intensive sampling is necessary to adequately characterize 
annual exports from different land uses. 

Even if historical or current water quality sampling shows little variation in con- 
centrations of obe or more chemical constituents with time or flow, this behavior 
should be verified periodically. Changes in concentrations can occur from land use 
changes, natural ecosystem disturbances, and other factors, and re-verification will 
assure that assumptions being employed in TMDL assessment remain properly 
based. 

4.2. SUSPENDED SEDlMENT LOADS 

In contrast to NO3 concentrations, suspended sediment concentrations on the un- 
harvested and harvested watersheds varied greatly (Table I), and none of the meth- 
ods closely estimated the actual annual or daily maximum suspended sediment 
loads. One might make the argument that employment of the same random sample 
in the annual and daily load calculations using monthly and quarterly samples 
biased the results and a Monte Carlo type of simulation might show that other 
selected samples could have improved the results. However, any improvement 
would have been minimal, given that large differences still were found between 
the actual loads and estimated loads when 52 weekly samples were used. Thus, 
running the analysis multiple times using different random samples would have 
resulted in little improvement in the monthly and quarterly estimates since only 12 
and 4 samples, respectively, would have been used in the calculations. 

The harvesting treatment seems to have had little effect on either the actual 
annual or maximum daily suspended sediment exports. This could be attributable 
to the significant natural variability in suspended sediment concentrations that may 
overshadow any treatment effects. The only year in which harvesting and road con- 
struction may have increased suspended sediment availability was 1996, the first 



218 P. J .  EDWARDS ET AL. 

water year after harvesting was completed (Tables IV and V). Suspended sediment 
exports also were very high on the unharvested watershed in 1996, but the yields 
from the unharvested catchment in 1996 were less than those in 1994, while those 
from the harvested watershed in 1996 were more than double those in 1994. Very 
large storms occurred in both years. Potential harvesting and road effects, however, 
were not expressed during postharvest years that did not have large runoff events. 

To a large degree, suspended sediment concentrations and yields on these wa- 
tersheds. as well as most forested watersheds. are controlled predominately by 
the energy available in discharge. Suspended sediment concentrations and yields 
increase dramatically in response to individual high stormflows (Figure 1). For 
example, Kochenderfer et al. (1997) reported that 84% of suspended sediment yield 
during one year from a 39 ha forested watershed was attributed to a single storm 
with a 47 yr return period. Total suspended sediment exported during this indi- 
vidual storm exceeded cumulative suspended sediment losses over the subsequent 
5 yr. 

The extremely high suspended sediment loads, both annually and daily in 1994 
and 1996 were principally the result of two very high flows associated with regional 
flood events. Flow duration and partial-duration flood series values (Table VI) 
were calculated for the dates and corresponding flows used to determine exports. 
Streamflow data from WS4 were used for the calculation of these parameters to 
illustrate the extreme nature of these flows because 50 yr of continuous stream- 
flow data were available from WS4 compared to only 5 yr for the unharvested 
and harvested watersheds. Recurrence intervals, or return periods were calculated 
for the annual-maximum series instantaneous peakflows (n = 50). The partial dur- 
ation series values corresponding to those annual-maximum series values were 
determined from the mathematical relationships between the two developed by 
Langbein ( I  960). 

The large annual and daily exports for 1994 (Tables IV and V) were due pre- 
dominantly to a single event, and those in 1996 were due to multiple events. The 
flows used in the calculation of the single maximum daily load in 1994 and 1996 
corresponded to events that each had a return period of about 7.5 yr and the average 
daily flow was in the top approximate 0.1 percent of all recorded average daily 
flows (Table VI). The high flows for 1995, 1997, and 1998 had return periods 
associated with the average annual flood flow or bankfull stage (assuming a return 
period of 1.2-2.5 yr) or less for this region. 

High streamflow occurred throughout 1996, resulting in contributions by three 
additional high flow events (Table VI) to the high total annual suspended sedi- 
ment exports for 1996 on the unharvested and harvested watersheds (Table IV). 
The 19 July event had the highest return period and smallest percentage of time 
flow was equaled or exceeded (exceedence time) of any of the events occurring 
during sediment monitoring, but it did not result in the maximum daily load of 
suspended sediment. Lower suspended sediment export probably resulted from 
lower sediment availability in July compared to earlier in the year due to prior 
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TABLE VI 
Exceedence times for the highest flows each water year that were used to calculate exports, and 
associated instantaneous peakflows and return periods for those flows" 

Water Date Mean Total Percent of Associated Peakflow 
year daily flow for time flow instantaneous return 

flow the day was exceeded peakflow periodb 
in-? S-I) (m3) im3 S-I)  iyr) 

- 

6 March 1989 

3 1 December I989 
26 May 1990 
16 February 1992 

24 March 1993 

9 February 1994 
7 May 1994 

14 May 1995 
19 January 1996 

1 March 1997 
19 June 1998 

Additional 1996 high flows 

19% 6May19% 0.088 
1996 19 July 1996 0.248 
I996 17 September 19% 0.047 

"All flows and corresponding flow duration and flood frequency calculations were made using 
WS4 discharges (195 1-2000). because the unharvested and harvested sediment watersheds were 
monitored for streamflow for only five years. 

Return period values were determined as a partial-duration flood series because there were multiple 
high flow values in 1996. 

repeated flushing in the January and May events as well as other frequent storms in 
1996. Year 1996 was the wettest year on record (beginning in 193 1 ) based on his- 
torical precipitation data from the National Climate Data Center (Parsons, WV site; 
http:/~wf.ncdc.noaa.gov/oa~climate/online/coop-precip.hl). Suspended sediment 
availability can decrease with repeated flushing, even if additional energy is 
provided. Thus, within-storm suspended sediment concentrations often peak prior 
to peakflow (Figure I ). 

Overestimations of suspended sediment, by both the annual and daily calcu- 
lation methods were rare. When they did occur, they were in years with low ex- 
ports when no extreme, dominating stormflow events occurred. In the years with 
large streamflow events and accompanying high exports, estimation of maximum 
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daily loads employing any sampling frequency that did not specifically include 
storm sampling always underestimated exports. Walling and Webb (1981) found 
estimates of annual suspended sediment yields were less than 20% of the actual 
annual load when only weekly sampling was employed. Including stormflow event 
samples improved annual suspended sediment load estimates, but even after adding 
hundreds of stormflow concentrations and corresponding discharge values, annual 
yields were still less than 80% of the actual annual loads. Meade et al. (1990) 
found that even single daily suspended sediment concentrations applied to summa- 
tion methods still resulted in approximately 20-25% deviations from actual annual 
loads based on 15 yr of data. 

Even though most states rely upon non-intensive sampling for establishment 
of baseline water quality levels, non-intensive sampling is clearly not a viable 
approach for estimating suspended sediment exports or maximum concentrations 
from forested watersheds. This is true even when continuous records of discharge 
are available. The substantial variation in suspended sediment with streamflow is 
too large to ignore. and i t  is difficult to estimate suspended sediment concentrations 
accurately simply based on flow. Bunte and MacDonald (1998) found that approxi- 
mately 10 yr of suspended sediment measurements are needed to estimate annual 
suspended sediment yields to within 50% of their true value with 95% confidence. 
Many other factors, such as time since last storm event, precipitation characterist- 
ics, steepness of the rising limb of the hydrograph, antecedent flow, the locations 
and types of sediment sources, sediment storage and delivery conditions, seasonal 
variations in protection of hillside sediment by vegetation, the hysteresis associated 
with rising and falling sediment limbs, etc. (Walling, 1977; Rieger and Olive, 1986; 
Beschta 1987; Goodwin and Denton, 199 1; Bunte and MacDonald, 1998). result 
in unique sediment responses for each storm (Bunte and MacDonald, 1998) that 
are difficult to predict or model accurately. The substantial natural variability in 
suspended sediment concentrations may make it difficult, if not impossible, to 
determine if improvements in water quality are achieved in impaired streams by 
additional best management practices (BMP) implementation during silvicultural 
activities; ranges in suspended sediment concentrations are simply so large that 
they may overshadow any improvement of nonpoint silvicultural sources. 

Suspended sediment concentrations from large watersheds appear to be equally 
variable with time and flow, and thus, one would assume just as difficult from 
which to estimate exports. The five undeveloped NAWQA watersheds that also 
were monitored for suspended sediment concentrations showed substantial varia- 
tion in the observed concentrations. Concentrations ranged from 0-3870 mg L-' 
for a 259 km2 watershed, 1-614 mg L-' for a 89 km2 watershed, 1-824 mg L-' 
for a 1720 km2 watershed, 0-643 mg L-' for a 502 km2 watershed, 1-1 180 mg 
L-' for a 583 km2 watershed, and 0-46 mg L-' for a 14 km2 watershed. The latter 
had minimal variation, but a large number of missing values, so its actual range 
was probably greater than 46 mg L-I .  
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Due to the large error involved in estimating suspended sediment loads, some 
states are reverting to surrogate measures in place of or in addition to water column 
measurements of suspended sediment. These surrogates include size of streambed 
substrate, channel geomorphological metrics, and biological (fish and inverteb- 
rates) population and diversity measures (U.S. Environmental Protection Agency, 
1999). These metrics range in their sensitivity for detecting changes in water qual- 
ity. However, if the TMDL is aimed specifically at decreasing sediment in the water 
column (e.g., for drinking water, etc.), only direct measurements of turbidity or 
suspended sediment are applicable and should be used to determine impairment 
levels; surrogates may not be able to identify if water column impairment exists 
during critical times, such as storm events, or the surrogates may be affected by 
some other condition not related to the TMDL constituent. 

Developing a better understanding of the processes controlling suspended sedi- 
ment within storms in different types of systems (e.g., high gradient headwater 
streams, lower gradient rivers, etc.) may go a long way toward development of 
process-driven models in which suspended sediment during various stormflows 
could be estimated accurately. Without such understanding and the resulting pro- 
cess-oriented tools, subsequent source assessment estimates of suspended sedi- 
ment via modeling likely will be inaccurate, which in turn will make realistic 
TMDL allocation to different land uses or land owners difficult if not impossible. 
Until such tools become available, high frequency sampling that specifically in- 
cludes intensive episodic sampling and high-resolution streamflow records are the 
needed parameters for accurately estimating suspended sediment loads (Walling 
and Webb, 1981, 1982, 1987,1988; Thomas, 1985; Thomas and Lewis, 1993). 

5. Conclusion 

Establishing accurate estimates of baseline loads in impaired streams for TMDL 
implementation will be necessary to achieve water quality objectives. Data from a 
small, forested watershed showed that quarterly sampling of NO3 concentrations 
was sufficient to obtain estimates of baseline conditions that were not statistically 
different than actual maximum daily loads or total annual loads. This success was 
due to the small variability in NO3 concentrations over time, including during 
stormflow, and the availability of accurate and continuous streamflow data. Evalu- 
ation of NAWQA data suggest that maximum daily and total annual NOs loads 
also can be estimated relatively accurately from infrequently collected data on 
larger watersheds dominated by undeveloped land. Hence, any pollutant that does 
not have wide concentration variations with time and discharge probably can be 
estimated accurately with quarterly sampling and possibly less frequent sampling, 
if streamflow measurements are available. 

By contrast, establishment of accurate baseline loads for suspended sediment 
in forested watersheds will be unlikely without intensive monitoring that includes 
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stormflow sampling. Even weekly sampling was insufficient to provide statistically 
similar maximum daily or total annual loads compared to the actual values. The 
presence of harvesting and road construction activities may have had some short- 
term negative effects on already poor estimation capabilities using non-intensive 
sampling, though it is impossible to separate the silvicultural influences from flood- 
related responses during the first year after harvesting. There were no effects atuib- 
utable to harvesting on suspended sediment load calculations after the first year. 
The large variability in suspended sediment concentrations that occurs naturally 
within and among years may make it impossible to measure any improvement 
achieved by additional BMP implementation from nonpoint silvicultural pollution 
sources. 
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