APPENDIX

A. 1 Research'Methodo1ogy for the Assessment of Nutrient Runoff in Field
Studies ' '

During his literature survey of nutrient export coefficients, Beaulac
(1980) found considerable variability in the methods employed by researchers
for experimental design, sampling design, mass flux estimation, and result
reporting. Unfortunately the lack of a standard methodology resulted in the
rejection of some reported values for this manual. Since it is 1ikely that
some readers of this manual will at some time be involved in studies designed
to directly measure hﬁtrient mass. transport to surface water bodieﬁ, research
and reporting methods are discussed below. This is particularly important
since a premise supporting this manual is that export coefficients are trans-
ferable among selected watersheds. Researchers are urged to adopt:certain
standard procedures so that their results may be added to the literature on

nutrient export coefficients. "~

A. 1. 1 Watershed Designs

Of the criteria necessary for a nonpoint source monitoring program, the
sampling location, or more importantly, the watershed design, is crucial for
accurate estimation of nutrient yields. To facilitate the sampling site/
design selection process, two key interrelated factors are involved: the
specific objective of the network design and the representativeness of the
sample to be collected. To accommodate these factors, two basic approaches

to diffuse load assessment are, in turn, available.
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The first approach involves sample collection from relatively large
streams draining large watersheds. If storm and seasonal hydrologic response
are routinely sampled throughout the year, an accurate representation of

total annual nutrient flux from particular drainage basins can be obtained.

This approach has been extensively used to obtain estimates of Great Lakes

tributary loads by the Pollution From Land Use Activities Reference Group
(PLUARG) associated with the International Joint Commission.

A number of disadvantages to this approach haVe been noted (Whipple et
al., 1978). First, many large streams, particularly in urban areas, include
inputs from industrial and municipal point sources, so that total loading
does not relate directly to pollution from storm water runoff. Second, sub-
traction of known point loads from total yield can result in a biased diffuse

load estimate. This occurs because the magnitude of reactions such as sedi-

ment attenuation, nutrient uptake and degradation by bioseston are not accu-

rately accounted for at the doﬂnstream sampling site. Since point 30urces_

determined at their end-of-pipe source do not undergo these transformation
' processes, their subtraction from total loads may result in an underestima-
tion of diffuse source contributions. (Alternatively if there is no net

accumulation of material in the stream, over a sufficiently long time period

all phbsphorus.discharged will reach the lake. In the steady state, this

suggests no bias from point source subtraction.)

Third, the Tand use of Targe watersheds is veryloften mixed, in propor-
tions which vary from one tributary to ﬁhe next. This makes it difficult if
not impossible to determihe the percent Toading contribution from each land
use, and'app}iqation of the results to other watersheds for prediction purposes
remains questianab]e.

If the objective of the sampling design is tb describe runoff loads from

specific perturbations, representativeness will depend on a comprehensive
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approach. This second approach is more specific and is based on the examina-
tion of drainage from catchment basins which define a particular land use.

In order to maintain homogeneity, the monitored watersheds are relatively - -
small (except for some forested systems).

The advantages to this approach are essentially two-fold. First, Tand
use - water quality relationships are more carefully defined allowing for
contrasts between natural and manipulated ecosystems. By comparison this
can provide information -about the functional efficiency and "health" of a
particular land use. For instance, is a particular land use conservative
of nutrient inputs (forests) or is the assimilatioﬁ capacity Timited (pasture)
or exceeded (feedlots)? Second, the results can be used in conjunction with
other similar studies to predict future water gquality changes corresponding
to projected land alterations.

Because of the identified advantages, a large percentage of nonpoint
source water quality investigations have utilized this latter approach with
forest, agricu]tdra] and urban activities as the major land use categories-
studied. The remainder of this subsection contains a discussion on how diffuse

runoff is monitored from each of these land use types.

forest land use

In order to provide hydrologic and nutrient flux information from
natural {undisturbed) ecosystems, a number of experimental forested water-
sheds have been established across a wide range of climates, geology and bio-
logical sfructure.; Some of the well-known watersheds are Hubbard Brook Experi-
mental Forest in New Hampshire, Walker Branch Watershed in Tennessee, H. J.
Andrews Experimental forest in Oregon and Coweeta Hydko]ogic Laboratory - -

in North Carolina.

139 -




Although biological (species type and age) and geological character-
istics (bedrock and soil) are often substantially different among watersheds,
the watershed design is usually quite similar. Each drainage basin has to
some degree vertical and horizontal borders, demarcated by ridges and func-
tionally defined by bio]dgica] activity and the drainage of water (Bormann
and Likens, 1967).

Accurate monitoring of total hydrologic flux can pose problems. Since
forest cover and litter layer dissipate much of the energy from precipitation.
events, infiltration is high and the opportunity for overland fiow is sTight.
Therrunoff'that does occur is usually associated with snowmelt events. To
register the greater percentage of subsurface flow, v-notch weirs or flumes
are often anchored to the bedrock at the base of each watershed.

As the size of the forested area increases, flow measurement methods
change. Drainage basins covering hundreds or even thousands of hectares use
gauging staffs or other flow measuring devices to determine the proportionately
greater flow volumes. While automatic sampling dévices facilitate collection
in the smaller basins, manual methods often still persist in the larger water-
sheds because of the relative uniformity of forest flow and chemical concen-

tration.

agricultural land use - _

Water quality monitdring in agricultural settings is often conducted in
a manner similar to that for forested systems. Areas of agrarian activity
are defined and the resulting runoff is examined separate from the influence
of other land actjvities. Numerous studies are available which give repre-
sentative loadiné estimates from general agricultural Tand use (Avadhanula,
1979; Campbell, 1978; Burton et al., 1977; Lake and Morrison, 1977; Grizzard
et al., 1977; Nelson et al., 1978; Burwell et al., 1974; Taylor et al., 1971).
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In contrast to forested systems nutrient export from agricultural areas
demonstrates wide variability. Pracﬁices are highly diversified and an agri-
cultural basin can consist of a mosaic of different uses such as pasture,
feedlots, row and nonrow crops. Each type of perturbation creates different
hydrologic responses, and depending on the percent composition of the basin,
the effect of one activity can influence the final nutrient load. In order
to further delineate these effects, individual activities should be, and often
are, separately monitored.

Separation of the various agrarian activities into discrete hydrologic
units is conducted through two basic approaches, and the differences between
approaches are based primar11y on the size of the basin under study. The
first approach relies on relatively large hydrologic units ranging from 5-500
hectares in size. In spite of these dimensions, the entire catchment basin
contains a single activity such as row crop or pasture (Alberts et al., 1978;
" Chichester et al., 1979}.

The secoﬁd techniqué employs several small ruhoff plots, usually much
less than a hectare in area. Separated by raised metal, wood or concrete
 b0rders, the individual plots are 2-5 meters wide and 10-25 meters long.
Runoff studies using these plots may include 1 to 20 individual plots. At
the base of each plot is the flow/sampling device often consisting of a
collecting tank which relies heavily on the "batch" collection methods.

Because of the low area and labor requirements, this particular design
has increased in use by university agricultural experiment stations and other
research agencies. Small size permits close proximity to research facilities
and personnel, which has allowed for both close monitoring and manipulation
of environmental cond{tions éuch,as soil, slope, fertilizer, tillage methods

and crops.
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urban land uses

Sampling site selection for urban runoff monitoring potentially poses
the greatest difficulty of the three land uses. Since it is not economically
feasible to re-create urban settings USing‘sma11 runoff plots, available con--

ditions must be utilized. These conditions simultaneously impose an expand-

ing set of limitations on data transferability.

Urban runoff is often channeled into storm sewers which later discharge

into nearby tributaries. In order to derive an areal loading rate, however,

it is first necessary to ascertain that the network of storm sewers is re-
stricted to the boundaries of the watershed and does not contribute runoff
from other basins.

- Many cities have combined storm and municipal sewers:. During high run-
off events, domestic sewage often overflows and mixes with effiuent within
the sewer system. While providing valuable information about a particular
site, the results are difficult to apply to other areas because of the in-
abi]ity to separate the. proportion of point source contributions from total
flow.

If the:above spatial uncertainties can be accounted for; the "flashy"

nature of the ‘individual runoff event must be suitably monitored. To accu=

rately assess these transient events, flow must be continuously monitored.:

(To reduce monitoring costs, it is -often necessary to locate the study site
in close proximity to established stream gauges stch as those used by USGS.)

Similarly, water quality samples are (or should be) collected with automatic

samplers. -
Similar to agricultural lands, urban areas consist of a number of differ-
ent land activities. These activities include industrial compiexes, business

and commercial districts, parking lots, residential areas, parks and playgrounds.
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Because of differing surface characteristics, the hydrologic and water quality.
responses from city parks or even large heavily vegetated residential lots
are often quite different from the response from the essentially sealed surface
of shopping malls or industrial complexes. Separation of these discrete types
of activities into distinct drainage basins is not always possible because of
the lack of conformity with topographical boundaries. -

A study by AVCO (1970) indicated that aside from these problems, the
following factors also influence site . selection for urban runoff studies.

1. Minumum area requirements for the acquisition of a measurable .

sample _
2. Security of the sémpTing equipment from vandalism

3. Accessibility of the sampling site

A. 1. 2 Sampling Design and. Flux Estimation

The estimation of phosphorus export from watersheds requires good experi-
mental and sampling design. Design considerations include the methods of
acquisition of the concentration samples and flow values, the extent of temporal
sampling, and the method of combination of concentration and flow data for flux
estimation. Use of an inadéquate methodology for any of the tasks mentioned.can
bias the resultant export coefficients. The discussion presented below on these
issues is probably most appropriate for watersheds of moderate to large size,
although the concepts discussed are generally applicable to all watersheds.

Systematic temporal sampling (not including storm sampling) throughout
the year has been éxamined in the literature for stream quality assessments.
Allum et al. (1977) reported on intensive sampling of tributary phosphorus
discussed in three pabérs (Treunert et al., 1974; Unger, 1970; Hetling et al.,

1976). In all three studies, the sampling was quite frequent (twice weekly or
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daily); samples taken from the data set at a reduced frequency, on a systematic
basis, could then indicate the effectiveness of less frequent sampling. In
génera1,'these three studies found that, at a concentration sampling interval
of between 14 and 28 days, the standard error of the annual phosphorus flux
varied between 10% and 20% of the "true" flux.

In addition, walker (1977) evaluated the effect of serial correlation of
the phosphorus concentration measurements on the equivalent sample size.
Treating the time sequence of samples as a first-order autoregressive (Markov)
process, and assuming a phosphorus concentration serial correlation coefficient

of 0.75 to 0.90 (one day lag), the effective number of samples and the actual

number of samples are essentially equivalent at sampling intervals of 14 to 28
days (or longer}. At more frequent sampling, the effective number/actual number

ratio drops below one,indicating that less information is being acquired per sample.

Therefore, a sampling interval of about 14 to 28 days may be a general

guideline for phosphorus concentration. This must be considered in light of the
following comments, however.

1. More frequent sampling will still reduce uncertainty in the phosphorus

concentration, but at a reduced efficiency.

2. Less frequent sampling can still be used to estimate phosphorus
concentration, but at a greater risk of significant error (see data -
presented in Hetling et al., 1976).

3. Sampling should not be systematic with respect to time (e.g., every

two weeks). A better approach is to establish sampling as systematic

with respect to flow, with a random start. This means that the year
should be divided into.n equal flow periods, for the purpose of taking

'n concentration samples per year.
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Sampling should also occur during storm events, as storms may be the major
transporter of phosphorus from the land to surface water bodies in certain

situations. During storms, the method of acquisition of the concentration

samples is important, because of significant concentration variability. Con-
centration sampling should preferably be a composite on a flow-weighted or

mass-f?ow-weighted basis, not on an equal time basis (Marsalek, 1975). Alter-

natively, grab samples could be collected, at perhaps five to ten minute'intérvals

during ‘a storm, but this would Tead to a higher sample processing cost. One way
grab sampling may be acceptable is through stratification of the sampling with
respect to time, assuming a model of first flush followed by an exponential decay
with time. This can be thwarted, however, by storms that, due to fluctuating
intensity, produce several runoff peaks. Remote automatic sampling units may be
necessary because human- response ‘may be too late for the important first flush.
Flow estimation can basically be undertaken in three ways. Continuous flow
measurement is clearly preferable, but it is costly and often not feasible.

An acceptable alternative is an annual flow regression equation deveToped by the
USGS. These should be available for each State'(e;g.; Bent, 1971), and they
provide an estimate of the annual flow and the‘sténdard error of the flow estimate.
A third alternative, whiqh must be considered unacceptable here because it does
not yield an estimate of precision, is to simply measure instantaneous flow at
the time of concentration sampling.

Finally, flux estimation can follow several approaches, each of which can be
most appropriate under certain conditions. These include techniques dependent
upon a: |

1. regression of:mass flux versus watershed characteristics,
f!ow—weighted'concentration,

regression of concentration versus fiow, and

2w ™

regression of flux versus flow.
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The following comments outline the approaches taken. Walker (1977) looked at
several flux-estimation approacheg and concluded that fiow—weighted concentration
times average flow is the bést'(determined by bias, vafiance, and calculation
effort) estimator when concentration does not vary greatly with flow.. Tﬁe
EPA-NES (1975) develpped a concentration versus flow regression from data taken
at 250 sampling sites. Théir equation‘indicates that a 1% change {n flow results
in a ~0.11% change in phosphorus concehtration and a -0.06% change in nitrogen
concentration. The magnitude and direction of these changes must be considered
with the fact that the EPA-NES data included watersheds containing major point
sources. Bouldin et al. (1975) developed. a regreséion equatfon for phosphorus
concentratiqh as a function of flow and the rate of éhange of flow. Smith and
Stewart (1977) looked at eight different approaches for the estimation of. annual
nutrient flux. Inc]uded among these approaches were fiow;weighted concentration
times mean flow and concéntratibn/f]ow polynomié?s. Théy se]eéted a regression
of Tog flux on log flow because of both.good'results and mathematical simplicity.
Finally, Verhoff et al. (1980) found that a flow interval method relating
phosphorus flux to streamfiow provides the best fit to Lake Erie tributary data.

In conclusion, the estimation technique used shouid probably depend upon
the: |

1. -intended use, (A regression on watershed characteristics and 1and uses

may be useful for future predictions.)
2. fit of the data to the equations, and

3. simplicity of the mathematics.

A. 1. 3 Standardization of Results Reported in the Literature
In addition to the need for statistical considerations in sampling designs,

there is also a necessity for uniformity in the presentation of results. Nutrient
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contributions from overland drainage have been and continue to be reported

in a variety qf forms - usually expressed as either concentration (mass/volume)
or Tloading (mass/unit area-time). Bécause of difficulties in interpretation,
however, these results must sometimes be analyzed and compafed carefully. Cross-
sectional comparisions of concentrations are particularly risky.

Streamwater concentrations alone can suffice for total output comparison
provided several important assumptions are satisfied. If the watersheds to be
compared have similar values for precipitation, précipitatidn chemistry, evapd—
transpivation and chemical response characteristics {or if the differences in
these properties among watersheds can be measured), then streamwater chemistry
fs a sufficiently accurate measure of total elemental losses (Vitousek, 19773
Vitousek and Reiners, 1975). |

However, a better‘unft.for'comparison is an area yield rate such as 1oading.
This is the product of flow volume and concentration over time divided by water-
shed area. This unit incorporates runoff duration and catchment érea directly,
as well as rainfall intensity and catchment character indirectly (Betson,1978;
Griffin et al., 1978). Not only are comparisions between watersheds and 1and
uses poésible,_but relationships between certain inputs (i.e., precipitation) and
outputs are more definitive. Therefore, investigators conducting studies of
nutrient runoff from land use activities are urged to report unit areal loading

or export in addition to concentration.

A. 2 Issues Important in the Determination of Phosphorus Loading to Lakes

A. 2. 1 Phosphorus Fractions and Availability

The transport of contaminants, especially those emanating from diffuse

147




sources, is intimately connected with the hydrologic cycle. Nutrient flux

to streams and Takes is generally positively correlated with rainfall, runoff,
and sediment inputs. While Tinked with one common transport vector,
the forms of these contaminants are source-dependent. Groundwater inputs
are primarily in the dissolved phase, whiie_pre;ipitation, stormwater runoff
and point source effluents consist of both'disso?ved and particulate species.

The form of particular nutrients has become increasingly important in
terms of biological availability. Until recently, eutrophication control
programs have been based Targely on the regulation of any fraction of phos-
phorus that was amenable to management, irrespective of whether the phosphorus
was in an available fraction which could support algal growth. This has raised
some seribus questions concerning what fragtions should be collected and/or
measured.

It is generally agreed that the soluble inorganic forms of phosphorus
are readily available biclogically. This included forms such as the soluble
orthophosphates and condenSed-phosphates. There is a high degree of uncer-
tainty, however, concerning what fractions of particulate inorganic and
organic forms are available. Complicating matters is the presence of dynamic
and complex sets of physical, chemical and biological processes which deter-
mine this availability in the aquatic system. For example, sediment-attached
phosphorus that is not available under certain chemical.conditions at one
point in time, may become available under the same or different chemicé?
conditions at another point in time. This is in sharp contrast to the static
and controlled nature of the laboratory conditions where a variety of techni-
ques are used to correlate algal uptake with actual and highly variable

“in situ" conditions. Consequently, any estimates of bicavailability must
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be viewed with a high degree of uncertainty and as only "ball park" approxi-
mations. |

One of the more comprehensive studies concerned with assessing algal-
available phosphorus was conducted by Cowen and Lee (1976a, b} and Cowen
(1974). From both urban runoff samples collected in Madison, Wisconsin and
agricultural runoff'samp1es obtained in New York State, these investigators
determined that in the absence of site-specific data, an upper bound estimate

could be made of the available phosphorus in tributary waters:

' available P = SRP + .2 PR (AT

where:

SRP = soluble reactive phosphorus

L}

PPT total particulate phosphorus. .

Lee et al. (1979) later made the following recommendation for the
available phosphorus load from urban stormwater drainage and normal-tillage
agricuitural runoff. If the runoff enters a 1ake’direct1y, or encounters a
Timited distance of tributary travel between source and lake, then the avail-

able phosphorus loading may be estimated as:

available P = SPy + 0.2 PP, (A-2)
- where: - Co e e
SPg = solubTe orthophosphorus -
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Additional studies have demonstrated comparable, albeit variable, results.
Based on independent, but Timited, studies of rivers in the Great Lakes
basin, 40% or less of the suspended sediment phosphorus was estimated to be
in a biologically available form. Overall, probably no more than about
50-60% of the tributary total phosphorus (including soluble P} is 1ikely.
to be biologically available (Logan et al., 1979; Armstrong et al., 19?9;-
Songzoni and Chapra, 1980; Thomas et al., 1979). |

The issue of phosphorus availability has also been directed towards
other inputs such as precipitation and point sources. For precipitation,
DiTlon and Reid {1980) estimated that up to 28% of the total bulk loads and
40% of the total P in wet-only precipitation was available. Studies by
Murphy and Doskey (1975) speculated that 50% of the total phosphorus in
bulk Toads was uitimately available.

The availability of. point source phOsphorUs-is-variabIeé, depending
upon whether phosphorus removal is practiced (i.e., iron, aluminum, or cal-
cium hydroxide precipitation), or depending.upon factors such as limita-
~ tions on'phosphprus detergents. It is generally believed, however, that _
the major fraction of wastewater phosphorus is available (Lee et'al., 1979).
Studies by_Ynung et al. (1980) indicate that up to 72% of total phosphofus,
55% of the total particulate phosphdrus and 82% of total soluble phosphorus
are available. |

It shog1d be stressed that availability usually applies to the phos-
phorus fraction that is utilized within one growing season. Depending on
conditions, there is, however, a potential for at least some (if not all)
of the remaining fraction of particulate phosphorus to be utilized at a
Tater date (Eue to sudden equilibrium changes). Regardiess of what percent

of the total is initially utilized, or what fraction of the remainder has
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future potential availability, it is imperative that sampling be undertaken
for both soluble and particulate forms. This is especially important since
particulate phosphorus can be an order of magnitude greater in quantity than
the reported dissolved fraction.

Proper assessment of the particulate fraction requirves a greater emphasis
on sampling during storm events since the bulk of this fraction is carried
with stormwater runoff. The cumulative effect of many storm events is not
bh]y considerable enough to degrade water quality but often sufficient to
negate the positive aspécts of Tocal point source pollution abatement pro-
grams. Many studies have demonstrated that just a few storms during a given
year were.responsib1e:fpr the bulk of the total annual nutrient Toad (Alberts
et al., 1978; Kissel et al., 1976; Schuman et al., 1973).

Both dissolved and pafticufate fractﬁons respond to storm events differ-
ént]y. Although variation exists, their response relative to the storm
hydrograph can be discussed in somewhat general terms (sée FigurE_A—l)-

The initial increase in streamflow is often associated”with a decrease
in the dissolved nutrient fraction. 'This decrease is attributed to the dilution
effect of the greater runoff volume, resulting in tﬁe lowest dissolved con-
centration at the peék of the hydrograph. As flow rates decrease, the dissolved
- component tends to gradually increase to concentrations approaching.that of the
pre~-storm baseflow conditions.

For the particulate {or sediment) fraction, a different response is
evident. During the init{aT rapid rise of the hydrograph, the particulate
component increasés dramdticaliy; often reaching a maximum concentration

preceding peak flow. This phenomenon, often referred to-as "first flush®, is
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the result-of the dislodging of particulate matter from the land surface
during the initial stages of runoff, Teaving 1ittle material for tranéport
at later periods. Regardless of where the particulates "peak out" relative
to the hydrograph peak, a decrease in flow is accompanied or preceded by a

decrease in particulate concentration.

A, 2.2 VériébiTity, Precisfun, and'Accufacy

Variation in nutrient flux through time.has“been 1htimaté1y Tinked to
'changes in flow. To adequate1y account for these variabilities,and to
reduce the amount of uncertainty in the phosphorus Toading estimate, the
samp?ing fréquency should be dictated by the hydr01dgic response. Many
previous sampling studies have failed to address this issue but have instead
made broad but untested assumptions concerning watershed hydrology and Toad-
ing responses. Sampling intervals have ranged from once per week to irregular
periods during the year, resulting in many of the more sporadic storm
eventé being missed.

Hydrologic response (and samp]fﬁg fféqUehcy) differs according to drain-
age basin characteristics. As land use progresses toward urbanization,
channels are straightened or paved, small tributaries are filled and the
watershed surface generally becomes smoother. and more conducive to sheet
runoff. Therefore, as land use is intensified (i.e., rural to urban) the

effect on drainage basin hydrology is to:

1. increase the storm peak discharge,

2. increase the storm runoff volume while reducing baseflow,

3. decrease reépqnse time,

4. increase annual runoff and reduce groundwater recharge, and
5

increase the number of days of no (baseflow) discharge.
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(Turner et al., 1977; Ikuse et al., 1975; Okuda, 1975; Yoshino, 1975;
Hollis, 1975; Gregory and Walling, 1973; Lindh, 1972; Moore and Morgan,
1969; Holland, 1969; Leopold, 1968).

The result of the first three of these effects is visually interpreted
in Figure A-2

Since peak discharge and flow volume are higher in urban areas, urban
nutrient storm loads are often substantial. In a comparison between urban
and rural watersheds, Burton et al. (1977) reported that ﬁp to 98% of the
total phosphdrué load was exported in storm flow on an urban watershed while
storm eveﬁts accounted for slightly more than half this amouht on the rural
basin. Conversely, overland runoff from forested basins is a rare event. |
with'an extended response time resulting from slow discharge after preéipi-
tation. .Hence, sampling frequency need not be as rigorous as in "flashy"
urban watersheds. | | | | |

To sufficieh£1y describe the nutfient exﬁort from differing land uses,
Sherwani.and.Moreau (1975) describe the desired frequency of measurement

as a function of the following considerations:

1. the response time of the system,

expected variability of the parameters,

. half-life and response time of constituents, -
seasonal fluctuations and random effects,

representativeness under different flow conditions

b

[=2 TR & B |7 [a]

short term poliution events,
the magnitude of response, and

variability of the inputs.
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Simply stated, there is no single best sampling frequency for all con-
ditions.

To reduce Toading uncertainty, a greater degrge of accuracy and precision
may be gained by maintaining complete flow records while obtaining enough
concentration samples to adequately characterize the flow variability. While
accumulation of flow records is fairly straight forward (using USGS stream
gauging stations, for example), the concentration sample collection process
can often be made reasonably efficient if stratified random samp]fng is
employed (Reckhow, 1979b). Under this sampling scheme, the population is
divided into homogeneous sub-populations {strata) that are separately -
sampled according to the degree of variability which they exhibit (Snedecor
and Cochran, 1973). The underlying assumption is that the population can be
more aCcurate]y represented as the sum- of sub-populations, therefore reducing
the sample variance.

In the context of hydrologic data collection, two temporal strata are

evident:

1. high flow events produced by rainfall runoff and snowmelt, and -

2. baseflow produced by groundwater flux.

To exbect a gain in precision over simple random sampling, more fre-
- quent measurements should be applied to the stratum represented by high flow
events. If the sample size is increased in this stratum and the final con-
centration,properTy_weighted, a more precise and accurate estimate of the
population average will be obtained.

The studies se1§cted for inclusion in the export coefficient tables

employed a wide yariety of sampling teéhnidues, but nearly all were based

156




upon complete flow records. While storm runoff was not sampled at every
event, it was felt that a sufficient number of events were examined to allow
for realistic estimates of the total nutrient load for a particular land

use.

A. 2. 3 Temporal Extent of Samp]iqg_

Climate determines Tocal weather conditions which in turn {nf1uence
the quahtity and duratidn of baseflow and the number and periodicity of
storm events. While some areas of the country exhibit relatively uniform
climates {e.g., pacific northwest) evenly distributed periods of precipita-
tion are usually not the norm.. Winter thaws and spring/summer rains often
create seasonal cycles of high and Tow runoff. _

Intimately associated with climatic periodicity is the modifying impact
land use has on hydrologic response. The relatively uniform annual flow
patterns of many undisturbed forests is in sharp cdntrast to the highly
variable flows eminatﬁhg from urbanized and agricultural basins. As végeta-
tive cover is artificially reduced and the basin .is increasingly developed, .
groundwater recharge ahd flux are reduced; BésEf1ow and nutrient export
are often either inconsequential or absent during dry s&mmer or winter periods.
Corisequently, a greater percentage of nutrient export occurs during wet
periods of the year for disturbed watersheds than for undisturbed watersheds.

As a result of this seasonal variability, high runoff seasons exhibit
greater variance in nutrient qoncentrations and total nutrient loads than do
low runoff or baseflow periods. For a given confidence level (precision)
and a margin of error (accuraty), the tehpora} extent of sampling must in=
clude these high and Tow runoff periods (especially for the more disturbed .
watersheds). If samp1ing duration focuses exclusively on one season (e.g.,

spring), the nutrient flux estimate may sufficiently descfibe that time
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period but may not be indicative of other unsampled periods. For this
reason, the reader is warned against extrapolating seasonally reported re-

sults toward more extended time frames. This will bias the nutrient flux

estimate toward whatever season in which the sampling was performed. To
better account for this seasonal variability and to allow for a more stan-
dardized unit of measure for comparison purposes, a more informative approach

is to sample and report the data in yearly increments.

While the bulk of studies included in the export tables are the result

of intensive sampling and annual flow data, many- investigators have refined

the sampling period within the water-year time frame. According to Likens
et al: (1977), the ideaf water-year is that successive twelve-month period
that most consistently, year after year, gives the highest_corre]ation be-
tween precipitation and streamflow.

Examination of precipitation-streamflow data at Hubbard Brook resulted

in a water-year beginning June 1 and ending May 31. Since the beginning of
thisVwater—year'corresponds'with tﬁe appearance of foliage, it allows for a
separation of the vegetation growth and dormancy periods. This concept has
been effectively applied by other investigators working with agkicu1tura]

land uses (Alberts et al., 1978; Burwell et al., 1975).

A. 3. Prediction Unéertainty Estimation for Areal Water Loading (q.) Error

The methodology presented in Chapter 2 is based on the assumption that

model variable error is contributed only by uncertainty in phosphorus Toad-

ing (L}. Under some conditions and in some lakes, uncertainty in areal water
Toading (qs) may also be significant. For example, since uncertainty in-

cludes natural variability, lakes with highly variable flushing rates may be
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candidates for g -error analysis. In addition, since measurement error is
also a part of total uncertainty, lakes for which flushing rates are poorly
characterized might also be analyzed for qs-uncertafnty.

The procedure presented below is designed to interface with the steps
in the Chapter 2 methodology. It is assumed that the uncertainty may orig-
inally be estimated in terms of Q (the anhnual volumetric water flow through
a lake), but that for analysis purpoées it is re-expressed as qg = Q/A0
(where A, = the lake surface area (a constant))

The contribution to total prediction uncertainty from uncerta1nty in

qe is calcu1ated using the ervor propagation equation (Benjamin and Cornell,

1970).
o 2 n 1/2
s(P) = =% 3P 2 T ap aP
i=1 ( ax1) (x5 )+ j=i+l 2 3% ax axJ s(x4 )S(X )p( 3) (A-3)

where: |

s{P) = contribution to total uncertainty in the model (P}, due

to uncertainty in variables X4 and xj;
Xi’xj = model parameters or independent variables;
s(xi) = yncertainty {standard error) in Xi and

p(xi,xj) = correlation between X, and X

The phosphorus lake model is

L

A R W . ' (A-4)
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Therefore, using the error propagation equation, .the additional prediction

uncertainty in total phosphorus. concentration due to uncertainty in 9 is

172

1.44 L ¥ 2.41 s(ag)s(L)o(L,qy) (A-5)

(as) - (11.6 + 1.2q.)°

g =
9% | (11.6 + 1.2qs)4

The cbnfusing'array of symbols necessitates interpretatioﬁ. In cdhjunc—
tion with their interplay with the steps in Chapter 2, the symbols are: - |
1. ofL, qs) is the correlation between L and Qg - Since both o
are primarily determined by Q, this correlation should be
positive, which diminishes the importance of the qs-uncertaﬁnty
contribution. Ideally this correlation shdu]d reflect a
time series of data for an application lake. In the absence
of this site-specific information, cross-sectional studies
suggest a correlation coefficient between L and Ag of +.5 to
+.8.
2. s(qg) is the estimate of uncertainty in ag determined by |
the analyst. It is different from sqS which is defined
below.
3. s{L) is the estimate of uncertainty.iﬁ L. It has poéitive
and negative components. In Step 2G, the high, most 1ikely,
and low phosphorus loading terms are calculated. The re-

sultant uncertainties in loading are:

S(L)+ - L(high% K L(m]) (A_G)
L - L
s(1)” = ) __(Tow) | (A-7)
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sqS is the contribution to the total phosphorus concentra-

tion prediction uncertainty due to uncertainty in qq- It,

too, has positive and negative components (resulting from

the positive and negative components in s(L)). Thus:

a. sgt is found using p(L, qs), s(q.) and_s(L)+ in
Equation A-5. |

Qs
Equation A-5.

b. s. - is found using p{L; gs), s(qs) and s(L)” in

Then:
a. sqgt is squared and added to the right side of Equafion_ 3

12 in Step 4F. |
b. Sqg” is squared and added to the right side of Equat10h _

14 in Step 46G.
This modification results in positive and negative error in-'

tervals reflecting all known uncertainties (including uhceré

tainty in qs).
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