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Multivariate Analysis of Paired Watershed Data to Evaluate Agricultural
Best Management Practice Effects on Stream Water Phosphorus

Patricia L. Bishop,* W. Dean Hively, Jery R. Stedinger, Michael R. Rafferty,
Jeffrey L. Lojpersberger, and Jay A. Bloomfield

ABSTRACT

Quantification of the effects of management programs on water
quality is critical to agencies responsible for water resource protection.
This research documents reductions in stream water phosphorus (P)
loads resulting from agricultural best management practices (BMPs)
implemented as part of an effort to control eutrophication of Can-
nonsville Reservoir, a drinking water supply for New York City. Dairy
farms in the upstate New York reservoir basin were the target of BMPs
designed to reduce P losses. A paired watershed study was established
on one of these farms in 1993 to evaluate changes in P loading attribut-
able to implementation of BMPs that included manure management,
rotational grazing, and improved infrastructure. Intensive stream water
monitoring provided data to calculate P loads from the 160-ha farm
watershed for all runoff events during a two-year pre-treatment period
and a four-year post-treatment period. Statistical control for inter-
annual climatic variability was provided by matched P loads from a
nearby 86-ha forested watershed, and by several event flow variables
measured at the farm. A sophisticated multivariate analysis of covari-
ance (ANCOVA) provided estimates of both seasonal and overall
load reductions. Statistical power and the minimum detectable treat-
ment effect (MDTE) were also calculated. The results demonstrated
overall event load reductions of 43% for total dissolved phosphorus
(TDP) and 29% for particulate phosphorus (PP). Changes in farm
management practices and physical infrastructure clearly produced
decreases in event P losses measurable at the small watershed scale.

AROSS THE UNITED STATES, watershed management
programs seek to maintain and improve water qual-
ity at both regional (e.g., Chesapeake Bay, Hudson River,
Mississippi River) and local scales. There is a clear need
to document and quantify gains made by the various
management technologies to identify and promote the
most successful, cost-effective techniques. In New York
State, the City of New York has instituted an extensive and
long-term management program that addresses waste-
water discharges, agriculture, stormwater, and onsite sys-
tems in the watersheds of its upstate reservoirs as a means
of controlling eutrophication and avoiding costly filtra-
tion of its drinking water supply (New York City Depart-
ment of Environmental Protection, 1997, 2001). Dairy
farms, identified as key contributors of nonpoint-source
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P to New York City’s Cannonsville Reservoir (Brown
etal., 1989; Delaware County Department of Watershed
Affairs, 2002; New York City Department of Environ-
mental Protection, 2001; Scott et al., 1998), began receiv-
ing BMPs in 1993, when the New York City Department
of Environmental Protection partnered with the locally
led Watershed Agricultural Council to develop a volun-
tary, incentive-based Watershed Agricultural Program
(WAP). The WAP has implemented BMPs on more than
85% of the dairy farms located within the New York
City water supply basin, with the goal of reducing losses
of nutrients and pathogens from farmland. The BMPs
are selected using a Whole Farm Plan (WFP) process
that evaluates the environmental management and eco-
nomic viability of participating farms, typically resulting
in a variety of site-specific improvements to farm infra-
structure, field drainage, cropland management, graz-
ing intensity, manure management, and stream corridor
protection (Porter et al., 1997; Watershed Agricultural
Council, 2003).

The effectiveness of agricultural BMPs can be demon-
strated through scientific evaluation and monitoring,
although investigations may be hampered by the limita-
tions of stream water sampling methodology, variability
in weather, and spatial heterogeneity of the landscape.
Often, evaluation of BMPs has focused either on the sub-
field or large-basin scale. On the sub-field (plot) scale,
monitoring studies have demonstrated that agricultural
BMPs are effective at decreasing sediment and P losses
from fields (e.g., Murray, 2001; Robillard and Walter,
1984; Udawatta et al., 2002), but relating these results to
improvements in receiving water quality can be difficult.
Basin-wide studies have relied on large-scale environ-
mental models (e.g., Benaman, 2002; Boesch et al., 2001;
Gitau et al., 2003), or on direct sampling of stream water
quality (e.g., Inamdar et al., 2002; Longabucco and Raf-
ferty, 1998; Meals, 2001; Udawatta et al., 2002). In the
case of P, results have shown that several years may pass
before the effects of BMPs translate into measurable im-
provements in water quality (Boesch et al., 2001; Wang
et al., 2002) due to both the earlier accumulation of P in
soils and stream sediments, and to the slow rate of land-
scape P transport processes. Moreover, interpretation of
data can be complicated by catastrophic loading events
(Meals, 2001), unexpected changes in cropping practices
(Boesch et al.,2001), and natural inter-annual variability
(Longabucco and Rafferty, 1998).

Abbreviations: ANCOVA, analysis of covariance; BMP, best manage-
ment practice; Clys, 95% confidence interval; MDTE, minimum de-
tectable treatment effect; post-BMP, post-treatment period; pre-BMP,
pre-treatment period; PP, particulate phosphorus; STP, soil test phos-
phorus; TDP, total dissolved phosphorus; WAP, Watershed Agricul-
tural Program; WFP, Whole Farm Plan.
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Only a few studies (e.g., Galeone, 1999; Shirmoham-
madi et al., 1997) have monitored BMP treatment ef-
fects on a small watershed scale. The small watershed
approach is advantageous because it evaluates an area
that is large enough to capture landscape P transport pro-
cesses and dilution effects (Gburek et al., 2000), yet small
enough to focus on nutrient loading from a single farm
and the management practices adopted at that scale.

As annual variation and long-term trends in weather
and nutrient export occur naturally in undisturbed water-
sheds (e.g., Esterby, 1996; Moog and Whiting, 2002; Mur-
taugh, 2000), these effects must be separable from BMP
effects when performing an evaluation of treatments.
The paired watershed experimental design, initially de-
veloped to evaluate the effect of silvicultural practices
on runoff quantity and quality (Reinhart, 1967, Wilm,
1949), has been a successful method of controlling for
environmental variability. It is based on a quantifiable
relationship between the water quality at two sites that
remains valid until a major change is made at one site,
after which time a new relationship will exist (USEPA,
1993). In a comparison of monitoring designs, paired
watersheds were considered most appropriate for docu-
menting BMP effects within a relatively short time pe-
riod (Spooner et al., 1985). This design has been used to
quantify changes in water quality at scales ranging from
sub-field (e.g., Clausen et al., 1996) to multiple-land use,
multiple-county areas (e.g., Galeone, 1999; Meals, 2001).
The USEPA established guidelines for applying analy-
sis of covariance (ANCOVA) to paired watershed data
(USEPA, 1993, 1997a, 1997b), recommending the use of
a single matched covariate or predictor variable, such as
total nutrient loads in runoff from a control watershed,
to account for nontreatment climate effects (USEPA,
1993). Hewlett and Peinaar (1973), as well as Loftis et al.
(2001), discuss incorporating multiple covariates into
ANCOVA models for paired watershed data analysis,
but few researchers have actually done so.

The purpose of this study was to quantify reductions
in P loading attributable to an extensive program of BMPs
implemented on a working dairy farm in the watershed
of a New York City water supply reservoir. The BMPs
were developed through the WFP process of the WAP.
A paired watershed study design was employed, with
control for environmental variability provided by load
and flow data from a nearby nonfarm, forested water-
shed, as well as by flow data from the farm watershed.
Stream flow and water quality were continuously moni-
tored at the outflow of each watershed for a two-year
pre-treatment period and a four-year post-treatment
period, using an automated, event-based sampling pro-
tocol. Focus was placed on determining P reductions
during runoff events because many of the BMPs were
designed to function when runoff occurred. Also, events
were important contributors of P, delivering, on aver-
age, 84% of PP and 57% of TDP total annual loads from
the farm site (Bishop et al., 2003).

A multivariate ANCOV A methodology was developed
to provide a means to quantify BMP treatment effects
in the context of an entire upland farm watershed. Using
the available matched load data set, the analysis demon-

strated the improvement in model accuracy achievable
by employing multiple covariates to describe natural en-
vironmental variability. We also provide results from
models utilizing only covariates from the farm watershed
that illustrate the advantages of paired watersheds over
the single watershed “before and after” monitoring de-
sign when evaluating treatment effects. Statistical for-
mulas were developed and used to estimate the analytical
power and MDTE associated with the paired water-
shed analysis.

MATERIALS AND METHODS
Study Sites

The two study watersheds are located in upper-headwater
valleys to the northeast of Cannonsville Reservoir, in an area
drained by the West Branch of the Delaware River (Fig. 1).
Situated in Delaware County, in the Catskill Mountains region
of New York, the Cannonsville is the third largest of New York
City’s drinking water reservoirs. Most of the region’s dairy
farms are located within its basin. Historically, Cannonsville
has experienced eutrophic conditions in the summertime (e.g.,
Effler and Bader, 1998), owing largely to excess P loads from
both point and nonpoint sources (Brown et al., 1989). The
climate of the Cannonsville basin is humid continental, with
an average temperature of about 8°C and an average annual
precipitation of about 1040 mm yr~! (National Climatic Data
Center, 2000), approximately one-third of which falls as win-
ter snow.

Occupying similar landscape positions, both study water-
sheds extend upward from a monitored outflow point on a
single first-order stream to the tops of the surrounding hills.
Under baseflow conditions the streams are generally 0.3 to
1.0 m wide at the monitoring stations, increasing to 4.5 to
6.0 m during large runoff events. Due to their elevation (farm:
601-735 m above mean sea level; nonfarm: 541-729 m above
mean sea level), the watersheds experience a somewhat
colder regime than the lower-valley farmland nearer to the
West Branch of the Delaware River (350-500 m above mean
sea level). Winter snow accumulation, followed by spring
snowmelt, is a major component of the hydrology. Hillside
soils, which are generally bedrock-limited, include Halcott
channery loams (loamy-skeletal, mixed, active, frigid Lithic
Dystrudepts) and Vly channery silt loams (loamy-skeletal,
mixed, superactive, frigid Typic Dystrudepts). On the lower
slopes, near to the stream, soils are generally fragipan-limited.
These soils include Willowemoc silt loams (coarse-loamy,
mixed, semiactive, frigid Typic Fragiudepts) and Onteora silt
loams (coarse-loamy, mixed, semiactive, frigid Aquic Fragiu-
depts). Slopes range from 0 to 25%.

The 160-ha treatment watershed (Fig. 2a) is occupied by a
third-generation dairy farm that maintains approximately 80
milking cows and 35 heifers. The farm is typical of upland
dairy operations of the Catskills region in that the barn is lo-
cated in the valley bottom, close to a central stream. Land
use on the watershed is 53% deciduous forest, 25% improved
pasture and hay, 7% maize (Zea mays L.) rotation, 13% un-
improved pasture, and 2% impermeable areas. Deciduous for-
est and unimproved pasture largely dominate the upper slopes
of the watershed, while crop fields and improved pasture tend
to be located on the lower slopes. Impermeable surfaces such
as barnyards, roads, and farm buildings are mostly near the
stream. During the grazing season (early May to late Octo-
ber) cows frequently cross the stream and saturated areas to
reach pasture.
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Fig. 1. Map of the Cannonsville Reservoir basin, Delaware County, New York, showing locations of the farm (treatment) and nonfarm (control)

study watersheds.

Soil tests based on Morgan-extractable P (1 M NaOAc
extractant, buffered to pH 4.8; Lathwell and Peech, 1964)
revealed decreasing soil test phosphorus (STP) with increasing
distance from the barn. None of the forest soils and only a
few of the field soils in the farm watershed exhibited STP
levels that would be considered excessively high (>20 mg
kg!; Jokela et al., 1998); however, some samples collected
from barnyards and near-barn areas had extremely high levels
of P, 500 to 1000 mg kg~' or more (Hively, 2004). Primary
sources of P identified during the WFP process included ma-
nure spreading on snow and frozen ground, high STP levels
on some crop fields, barnyard runoff, uncontrolled livestock
access to the stream, milkhouse wastewater discharged into
the stream, leachate from streamside silage storage, and ero-
sion from farm roads and stream banks.

The control watershed (Fig. 2b), located 6.4 km east of the
farm, covers 86 ha and is comprised of mostly forest and old
fields. A nonfarm control was selected because no significant
changes in the watershed were expected during the study
period. In contrast, working farms may modify operational
practices or go out of business altogether over the course of
a long-term study, and cannot be relied on to provide the
consistent control necessary for describing natural environ-
mental variability. The nonfarm control watershed contains
several seasonal residences and one septic system, but has
no recent history of manure application and no significant
anthropogenic P inputs, aside from atmospheric deposition.
Land use is 78% deciduous forest, 22% shrub and grasses,
and <1% impermeable areas. Soil samples collected through-
out the watershed exhibited low to moderate STP (mean of
3.3 mg kg~! Morgan’s STP, SD of 2.2 mg kg™!) (New York
State Water Resources Institute, 2002). No significant changes

in land use were observed during the study period, although
the modification of drainage pipes and ditches associated with
an unpaved roadway may have modified the effective water-
shed boundary slightly.

Runoff production on the two watersheds is generally con-
trolled by mechanisms of saturation excess overland flow (Wal-
ter et al., 2000), although infiltration excess runoff was pro-
duced on roadways, cow paths, and other compacted areas
(Hively, 2004; Walter et al., 2003). Events generally reflect two
dominant hydrological seasons: dry (June through September)
and wet (October through May). Stream water P concentra-
tions in the dry period tend to be high, but P losses are small
because of the modest event flow volumes that result from
short-duration summer rainstorms under dry soil conditions.
During the wet period, evapotranspiration is reduced and dilu-
tion effects are increased, so that stream water P concentra-
tions tend to be much lower, but associated P losses much
higher due to larger event flow volumes.

Best Management Practice Treatments

Following two years of pre-treatment (pre-BMP) stream
monitoring (June 1993 through May 1995), during which farm
operation remained essentially constant, an extensive program
of BMPs was implemented on the farm watershed. A site-
specific WFP developed by a WAP planning team and the
collaborating farm family identified target areas for control
of nutrients, sediments, and pathogens. The resulting array of
BMPs (Table 1) included physical changes to farm infrastruc-
ture as well as organizational changes to farm management,
and affected both P source areas and P transport processes
across much of the farm landscape. Stream monitoring was sus-
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Fig. 2. Maps of (a) farm site and (b) nonfarm control site, showing
watershed boundaries, 6-m contour lines, perennial stream chan-
nels, and monitoring stations.

pended during the BMP implementation period (June 1995
through October 1996), and then resumed for the post-treat-
ment (post-BMP) period (November 1996 through October
2000).

Before implementation of BMPs, manure produced by the
dairy herd was spread daily. Limited access to hillside slopes
during the winter months often required spreading or stockpil-
ing manure on near-stream fields. After construction of a
2300-m’ manure storage lagoon spreading was eliminated, with
the exception of about one load per week of heifer manure,
during the high-runoff winter and early spring months (Fig. 3).
Manure application on hydrologically active areas and on
fields with high STP was reduced through adoption of a farm
nutrient management plan containing field-specific timing and
rate recommendations, and by improvement of certain farm
roads, which allowed access to upper slopes that had received
little manure in the past. The suitability of several fields for
manure spreading was enhanced by construction of upslope
diversion ditches to prevent runoff from entering fields, and
installation of tile drains to accelerate drying of fields and
reduce the frequency of field runoff production. (Although

Table 1. Best management practices (BMPs) implemented on the
study watershed between June 1995 and October 1996.

Type Description

Near-barn installation of manure storage lagoon

barnyard improvements including water management
filter area established for barnyard runoff

stream corridor relocated away from barnyard
grazing cows excluded from stream and swale areas
milkhouse washwater diverted to manure storage
relocation of silage storage bag away from stream
improvement of stream crossings and roadways

Watershed-scale access roads constructed to allow manure spreading on

upper slopes

distributed manure according to nutrient management
plan

fencing improvements to support rotational grazing

spring development to supply drinking water away from
the stream

diversion ditches to improve field drainage

subsurface drainage to reduce field saturation and
runoff production

contour strip cropping to reduce erosion

crop rotation to reduce erosion

tile drains were considered to be a BMP at the beginning of
the study, the WAP no longer promotes this practice due to the
associated risk of nutrient loss to preferential flow pathways.)

Erosion potential was reduced by decreasing the amount
of time corn was in rotation, by implementing contour strip-
cropping on one field, and by improving drainage to reduce
field runoff production. The WFP also led to improved pasture
management and reduced potential for overgrazing and asso-
ciated soil erosion through the establishment of a rotational
grazing system. A spring development project supplied water
for grazing cows, and encouraged their movement away from
streamside areas. Cows were fenced out of several hydrologi-
cally active areas where they had previously grazed. Near the
barn, several stream crossings and roadways were fenced and
improved to keep the cows out of the stream. Although the main
barnyard had been paved with concrete before the study pe-
riod, barnyard water management was improved, and a grassed
filter area was constructed to intercept barnyard runoff that
had previously flowed directly into the stream. The main stream,
which had run quite close to the barnyard, was diverted to a
new channel a short distance to the west. Bagged silage was re-
located away from the streamside, and milkhouse waste, which
had previously drained directly to the stream, was routed to
the manure storage lagoon.

Sampling and Chemical Analysis

An automated stream monitoring station was established
at the outflow of each watershed (Fig. 2a, 2b). It consisted of
a heated shelter housing a refrigerated automatic sampler
(American Sigma Model 900; Hach Corporation, Loveland,
CO) and a data logger (Handar Model 555, Vaisala Corpora-
tion, Sunnyvale, CA), and two parallel pipes containing sens-
ing equipment and sampling lines, through which all stream
flow was channeled. A 43-cm-diameter pipe provided accurate
measurements of the low to moderate discharges that occur
most of the year, and a 2.1-m-diameter culvert pipe effectively
handled high flows. Covered with soil and stone to form a dike,
the pipes remained ice-free, thereby increasing accuracy dur-
ing freezing weather. Flow (m® s ') was recorded every 10 min
by the data logger, using input from combination level-velocity
electromagnetic sensors (Model 251DC flowmeters; Marsh-
McBirney, Frederick, MD) located in the pipes. Stream flow
rating curves were developed for each site through manual
stream gauging and were updated annually. Heated (Model
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Fig. 3. Phosphorus (kg mo ') in manure spread within the farm watershed for the pre- and post-best management practice (BMP) periods.

50202; Young Instruments, Traverse City, MI) and unheated
(Model 111; Rainwise, Bar Harbor, ME) rain gauges were
installed at the sites to differentiate between rain and snow-
fall precipitation.

Water samples were collected at least weekly during ba-
seflow periods, and more frequently during runoff events.
Event-based sample collection was triggered by onset of pre-
cipitation, in the case of rainfall events, and a rise in stream
stage of at least 0.03 m. Frequency of sample collection was
directly related to the rate of stream rise and fall, up to a
maximum rate of six samples per hour. The number of samples
collected per event typically ranged from three to more than
20, depending on event magnitude and duration, which ranged
from several hours to several days. All events that occurred
during the six-year study period were sampled.

Stream water samples were analyzed by the New York State
Department of Health for total phosphorus (TP) and TDP.
Particulate P was computed as the difference between TP and
TDP. Sample concentrations of TP (unfiltered sample) and
TDP (vacuumed through a pre-washed 0.45-um membrane fil-
ter) were determined using sulfuric acid-ammonium persulfate
digestion followed by manual colorimetric assay employing the
ascorbic acid—molybdate complex method (USEPA, 1979).

For the purpose of calculating loads, an event was consid-
ered to start with the beginning of stream rise and was deemed
over when concentrations of P returned to approximately pre-
event levels, or when another event began. Event P loads were
calculated as the product of 10-min flow volumes (m®) and
either actual or estimated 10-min P concentrations, summed
over the duration of each event. Estimated 10-min P concen-
trations were derived from actual sample concentrations
through linear interpolation.

During the study period, 269 runoff events were observed
and sampled. Thirty-nine of these events were removed from
the analysis because they were unmatched (event at farm but
not at nonfarm: n = 33; or vice-versa: n = 6). Unmatched
events occurred mainly when event size was small, so analysis
of seasonal loading trends for the farm watershed was not
affected by their removal. One additional event (28 Jan. 1994)
was deleted because of a suspected laboratory error. The re-

sulting dataset includes 74 events in the pre-BMP period and
156 events in the post-BMP period (Table 2). Data were
grouped (Table 2) to reflect seasonal variation in both land
application of manure (considered a primary source of P on the
farm) following BMP implementation (Fig. 3) and hydrologic
runoff processes (wet vs. dry periods). Approximate begin
and end dates for the dry period and timing of manure spread-
ing were used to define seasonal date ranges (Table 2).

Framework for Statistical Analysis

The USEPA recommends an ANCOVA model for paired
watershed data analysis, using matched event loads from con-
trol and treatment watersheds to determine effects of BMPs
(USEPA 1993, 1997a, 1997b). However, P loading at the con-
trol site was not the only available covariate that could be em-
ployed to explain variability in P losses from the treatment
watershed due to effects of hydrologic and watershed param-
eters. For each sampled event, available data from the farm
(treatment) watershed included event P loads (g), event flow
volume (m?), event instantaneous peak flow (m®s™!), and event
average flow rate (m® min~'). Corresponding data from the
nonfarm (control) watershed were also available for each
matched event. The control watershed variables reflect local
characteristics of rainfall, runoff production, and P loading
processes in the absence of farming practices, while the farm
watershed variables represent the treatment effect, along with

Table 2. Seasonal definitions, with the number of matched events
that occurred in each season and in the full year, for the pre-
and post-best management practice (BMP) periods.

Number of matched events

Season Pre-BMPt  Post-BMP:  Total
Winter (16 December—13 April) 33 60 93
Spring (14 April-15 June) 12 33 45
Summer (16 June-30 September) 17 35 52
Fall (1 October-15 December) 12 28 40
Full year 74 156 230

T Period extended from June 1993 to May 1995.
i Period extended from November 1996 to October 2000.
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runoff production and P loading processes associated with the
farm landscape. Except for P loads at the farm (P;), all of
these variables can be considered for use as covariates in an
ANCOVA model evaluating post-treatment changes in farm
event P loads, as long as they did not change in response to
the BMP treatments. Variation of the response variable P;
that is not explained by the combined covariates can be attrib-
uted to pre- vs. post-treatment effects, represented by an indi-
cator variable, k, or to unexplained error, €.

The natural log transformation was employed to normalize
the distribution of event magnitude, as is common practice
(Cohn etal., 1989; USEPA, 1997b). The transformation allowed
a straightforward evaluation of P load reductions based on
pre- vs. post-BMP changes in the y intercept of the log-linear
regression model. It also yielded a simple and reasonable mathe-
matical representation of interactions among the covariates.

The complete multivariate regression model, which was
applied to both the seasonal and full-year datasets, can be
written as:

In(Py) = a + b In(Py) + ¢ In(Qi/Quii) +
d In(peak Qy) + e In(Qgy) + fki +
gki{ln(Pyy) — m] + g (1]

where In is the natural logarithm, i is the event index, Py is
the farm event load for P fraction of interest for event i, P,
is the matched nonfarm event load for P fraction of interest
for event i, Qy is the farm event flow volume for event i, Q,;
is the matched nonfarm event flow volume for event i, peak
Qy; is the farm instantaneous peak flow rate for event i, Ogg
is the average farm flow rate (volume/duration) for event i,
k; is the BMP treatment index variable, m is the average of
In(P,;) during the post-BMP period, and ¢; is the residual
error, assumed to be independently distributed. For simplicity
in the following text, the interaction term kj[In(P.;) — m] is
denoted as k-In P,.

Interpretation of Model Terms

e a: The intercept accounts for differences in watershed
area and land use, as well as the greater magnitude of P
losses from the farm site. The farm watershed (160 ha)
is 1.9 times the size of the nonfarm watershed (86 ha).

e In(P,;): Event Ploads from the nonfarm watershed reflect
background environmental factors, including event mag-
nitude, antecedent soil moisture, rainfall intensity, and
seasonal variation in watershed hydrological processes.

¢ In(Q;/Q.i): This flow ratio term accounts for imbalances
in matched-event precipitation between the two study
watersheds (amount and intensity, and subsequent varia-
tion in runoff volume) that make In(P,;) a less than per-
fect predictor of In(Py;). Because event loads and flows
are highly correlated (load is the product of flow and
concentration), and it is the imbalance that is likely to
be important, the farm and nonfarm flow variables were
combined into a single covariate (Q;/Q,), thereby reduc-
ing multi-collinearity.

e In(peak Qy): This term represents environmental pro-
cesses affecting farm load that vary with event magnitude,
yet are not captured by the control watershed variables
because of differences between the farm and nonfarm
landscape. For example, sediment loading from imperme-
able near-stream areas, which are more prevalent on the
farm, is expected to correlate with event peak flow.

e In(Qgg;): The average farm event flow rate is an indicator
of event intensity. Again, particulate detachment and
transport processes at the farm and control watersheds

should respond differently under differing runoff intensi-
ties, due to the greater percentage of impermeable and
unvegetated areas in the farm landscape.

e k;: The coefficient f associated with this BMP treatment
index variable describes the log-change in farm event P
loads between the pre- and post-treatment periods (k = 0
for the pre-BMP period; k = 1 for the post-BMP period).

e kIn P, This interaction term allows for a change in re-
gression slope between the pre- and post-BMP periods.
The term was made orthogonal to the BMP treatment
index variable by subtracting m from In(P,), where m is
the average value of In(P,) over the post-BMP period.
Consequently, addition of this interaction term to the
model had relatively little effect on the coefficient of k.
Significance of the k-In P, term would indicate that the
BMPs performed differently under high- vs. low-flow
events, in which case analysis of treatment effects be-
comes more complex as P load reductions would then
vary with event magnitude.

For each seasonal and full-year dataset, the complete multi-
variate model was fit and nonsignificant terms subsequently
dropped. Because the interaction term k-In P, was never sig-
nificant, calculation of treatment effects was based on the
multivariate model:

In(Py) = a + b In(Py) + ¢ In(Qi/ Qi) +
d In(peak QOy) + e In(Qgg) + fki + & 2]

Differences in pre- vs. post-BMP event P loading were
based on a one-sided ¢ test on the f coefficient in Eq. [2] using
a 5% significance level. Results were obtained using both
STATISTICA Version 6 (StatSoft, 2001) and S-PLUS 6 (In-
sightful Corporation, 2001) statistical packages, for general
linear models and for analysis of covariance. Separate analysis
with the two packages provided confirmation that errors were
not made in the statistical analyses or the corresponding
data manipulation.

RESULTS AND DISCUSSION
Observed Flows and Phosphorus Concentrations

Annual event runoff at the study sites was roughly
comparable (farm: 13-29 cm; control: 11-24 cm) al-
though the farm site was always higher, perhaps due to
the greater amount of impermeable area there. In the
pre-BMP period, event flow accounted for 36% of total
stream discharge at the farm and 29% at the control
site; in the post-BMP period, event flow was 41% of
the total at the farm and 37% at the control, with the
remainder occurring as baseflow (Bishop et al., 2003).
Farm event flow volumes ranged from 5 to 42 600 m®
in the pre-BMP period and from 61 to 98 500 m® in the
post-BMP period (Table 3). While the two study periods
generally exhibited similar scales and frequencies of
precipitation and event flow volume (Fig. 4), seven of
the eight highest event flows (41900-98 500 m®) oc-
curred in the post-BMP period. Use of matched load
data should correct for temporal differences in precipi-
tation and runoff between the pre- and post-treatment
periods, unless weather varied so much that different
loading processes came into effect. Deletion of the eight
highest flow events produced little change in regression
coefficients or standard errors, and did not significantly
alter P load reduction estimates. Similarly, omission of
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Table 3. Event flow volumes at the farm watershed, along with the mean and standard deviation of the farm/nonfarm event flow ratios
(Q1/0Qy), for the pre- and post-best management practice (BMP) periods.

Winter Spring Summer Fall Full year

Pre Post Pre Post Pre Post Pre Post Pre Post
Maximum event flow, 1000 m* 42.6 98.5 18.4 26.0 16.5 19.2 30.9 66.0 42.6 98.5
Mean event flow, 1000 m® 13.5 14.9 4.00 6.79 3.20 3.93 11.0 8.94 9.18 9.65
Minimum event flow, 1000 m? 2.07 1.03 0.435 0.434 0.005 0.061 0.206 0.197 0.005 0.061
Standard deviation, 1000 m* 9.86 19.5 5.24 6.16 4.27 4.67 9.53 16.8 9.28 15.1
Seasonal % of annual event flow 66 59 7 15 8 9 19 17 100 100
Mean Q,/Q,t 2.6 2.9 2.0 24 4.1 3.6 33 3.7 3.0 3.1
Standard deviation 0.8 1.1 0.9 1.0 6.5 4.0 2.0 2.8 33 24

7 The seasonal and full-year Q;/Q,; ratios did not change significantly (p < 0.05) between pre-BMP and post-BMP periods.

the smallest 10 events had negligible effect on results.
Examination of diagnostic plots of observed vs. pre-
dicted loads revealed no outliers, lack of fit, or signifi-
cant heteroscedasticity, indicating that the model fit well
over the entire range of event values.

Use of the flow ratio term In(Qy/Q,), the farm event
peak flow In(peak Qy), and the farm average event flow
rate In(Qg) as explanatory covariates is valid only if
the BMPs had no significant effect on the relationship
between precipitation and runoff production at the farm
site. The assumption that farm flow volumes were not
altered by the BMP treatments was statistically tested
using the model:

In(Qy) = a + bIn(Qu) + fki + & [3]

This analysis found no significant (p > 0.05) pre- vs.
post-treatment differences in the matched watershed
flow volume relationship for any season, or for the full
year. Overall, adoption of BMPs did not appear to affect
farm runoff volume. Similarly, no significant pre- vs.
post-treatment differences were found for the farm
event peak flow In(peak Q) or farm average event flow
rate In(Qg) covariates.

Average flow ratios (Qy/Q,) in spring were similar
to the ratio of watershed areas (1.9), while summer flow
ratios were about twice as large (Table 3). This variation
is probably attributable to the two basins responding

similarly to precipitation under saturated conditions in
spring, and somewhat dissimilarly under dry conditions
in summer when the larger farm watershed sustains a
greater baseflow and the production of runoff from im-
permeable areas on the farm landscape is compara-
tively large.

Stream water P concentrations at the farm were typi-
cally three to ten times higher than at the control site
during events, reflecting the more intensive land use
and presence of livestock. Annual flow-weighted mean
PP concentrations over the six study years ranged from
152 to 294 g L' at the farm and from 24 to 86 pg L™!
at the control site (Bishop et al., 2003). Similarly, TDP
annual event mean concentrations had a range of 53 to
172 g L' at the farm compared with a range of 12 to
15 pg L7 at the control site.

Performance of the Analytical Models

The univariate matched load model:
ln(Pfi) =a+b ln(Pnf,-) + fkl + €; [4]

that is recommended by USEPA (1997a, 1997b) ex-
plained 53 to 73% of observed variability in seasonal
TDP loads and 65% of variability in yearly loads (Ta-
ble 4), while for PP it accounted for 32 to 71% of ob-
served variability in seasonal loads and 49% of variabil-

120
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" ° °
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LLI o ¢ IS ° .
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0 bw? @t SN, R’ €8 osiihng s 000y
6-93 6-94 6-95 697 698 6-99 6-00
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Fig. 4. Farm watershed event flow volumes (m® per event) for the pre- and post-best management practice (BMP) periods. Large circles indicate
the eight highest event flow volumes observed during the study period (>40 000 m®).
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Table 4. Adjusted R? for analysis of covariance (ANCOVA) modelst predicting treatment watershed event loads of total dissolved
phosphorus (TDP) and particulate phosphorus (PP).
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Winter Spring Summer Fall Full year
%

TDP
Univariate matched load model 73 67% 53% 71 65
Bivariate matched load model 89 81 88 91 87
Multivariate matched load model 90§ 83 89 92 89
Univariate single watershed model 82 78 87 82 78
Bivariate single watershed model 65 76+ 81 81+ 76

PP
Univariate matched load model 66 563 323 71 49%
Bivariate matched load model 77 (2 69 82 66
Multivariate matched load model 89 79+ 82 87+ 77
Univariate single watershed model 73% 58+ T1% 64+ 54%
Bivariate single watershed model 72% 75% 82 78 72%

T Univariate matched load model = Eq. [4]; bivariate matched load model = Eq. [5]; multivariate matched load model = Eq. [2]; univariate single

watershed model = Eq. [9]; bivariate single watershed model = Eq. [10].

# No significant treatment effect was detected for this time period.

§ The additional flow-related terms were not significant (p > 0.05) additions to the bivariate model in this case.

ity in yearly loads. The strong relationship between farm
loads and nonfarm loads is illustrated in Fig. 5a and 5b.
While nonfarm event P load In(P,) proved to be a good
predictor of farm event P load In(P;), accounting for
effects of rainfall intensity, flow volume, and antecedent
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Fig. 5. Event load data for (a) total dissolved phosphorus (TDP) and
(b) particulate phosphorus (PP), farm vs. nonfarm watersheds.
Lines show results of simple regressions for the pre- and post-best
management practice (BMP) periods.

soil moisture, statistically significant treatment effects (Ta-
ble 4) were obtained only for the winter season (TDP)
and the full year (TDP and PP).

Incorporating the flow ratio term In(Q;/Q,) as a sec-
ond covariate in the bivariate model:

In(Py) = a + b In(Py) + ¢ In(Q4/Qusi) + fki + & [9]

substantially improved model precision (Table 4). For
TDP, this model explained 81 to 91% of observed vari-
ability in seasonal loads and 87% of variability in yearly
loads; for PP it explained 69 to 82% of variability in
seasonal loads and 66% of variability in yearly loads.
Although the study watersheds are located only 6.4 km
apart, differences in duration and intensity of matched
event precipitation apparently produced important be-
tween-site imbalances in event flow that were captured
by the In(Q/Q,;) term. This term was highly significant
(p < 0.05) for nearly all event load analyses (Table 5).
Incremental sum of squares for In(Qy/Q,;) was particu-
larly large (>30% of total sum of squares) in the summer
season, most likely reflecting localized variability in pre-
cipitation associated with summer thunderstorms.

Interestingly, for TDP the coefficient ¢ in Eq. [5] was
not statistically different from 1, except for the winter
season (Table 5), indicating that Q;/Q, may have had
a linear effect on farm P loading. When ¢ = 1 the model
reduces to:

ln(Pf,') =a + b ln(Pnf),- + 1 ln(in/ani) + fkl + €; [6]
or, equivalently:

Py = (Pui)"(Qi/ Oni)exp(a + fki + €) [7]

suggesting that P; increases linearly with the flow ratio
(Q1/Qx), physically a very reasonable relationship. If b
and ¢ in Eq. [S] were both equal to 1, the model would
further reduce to:

Py = (Pl Qui) Qi expla + fk; + &) (8]

wherein farm P loads are simply the product of the
nonfarm concentrations (P/Q,), the farm event flows
(Qy), and a factor [exp(a + fk + €)] reflecting a constant
adjustment, a treatment effect, and the model error. How-
ever, b was significantly different from 1 in the full year
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Table 5. Best{ analysis of covariance (ANCOVA) matched load model results: regression coefficients, test statistics, and estimated post-
best management practice (BMP) reductions (%) in event loading of total dissolved phosphorus (TDP) and particulate phosphorus
(PP) from the farm watershed.
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Winter Spring Summer Fall Full year

Model term: Coef§ SumSqf[ Coef SumSq Coef SumSq Coef SumSq Coef SumSq
TDP
Intercept 2.23* - 5.19 - 4.31 - 3.88 - 4.02 -
In(Py) 0.92 74.83 0.72 41.01 0.86 81.07 0.86 57.99 0.89 278.41
In(Q:/0.) 1.28 15.39 0.74 7.23 1.01 48.10 121 15.37 111 91.88
In(peak Q) - - 0.62 1.57 0.33 1.16 0.384# 0.01 0.33 0.34
In(Oxr) - - —0.48 0.86 —0.44 1.17 —0.48 1.18 —0.50 5.24
k —0.57 6.82 —0.45 1.46 —0.73 5.78 —0.054# 0.03 —0.56 14.80
kIn Py NS+t - NS - NS - NS - NS -
Residuals 11.50 9.07 14.83 5.68 46.97
Residual variance 0.13 0.23 0.32 0.17 0.21
Reduction TDP loads, % 43 36 52 6 43
Closit 36 to 50 14 to 52 36 to 64 —20 to 27 36 to 49
Adjusted R?, % 89 83 89 92 89
PP§§

Intercept 3.16* - 8.90 - 8.95 - 8.63 - 8.77 -
In(Py) 0.72 114.79 0.40 4791 0.21# 60.15 0.48 79.96 0.41 273.04
In(Q:/0.) 1.00 17.18 0.12# 8.95 0.26# 58.10 0.88 11.85 0.50 87.70
In(peak Q) 0.61 26.09 1.30 8.67 1.10 24.15 1.48 1.66 1.35 34.69
In(Qry) 0.20# 0.68 —0.60 1.77 —0.32# 1.29 —0.99 491 —0.89 29.46
k —0.38 2.64 —0.194 0.26 —0.49 2.56 —0.024# 0.00 —0.34 5.36
kIn P, NS - NS - NS - NS - NS -
Residuals 19.51 15.04 27.97 12.22 127.85
Residual variance 0.22 0.39 0.61 0.36 0.57
Reduction PP loads, % 32 18# 39 24 29
Clys 15 to 45 —31 to 48 2 to 62 —47 to 28 15 to 41
Adjusted R?, % 89 79 82 87 77

* All coefficients significant (p < 0.05) except where noted.

F For TDP, the bivariate matched load model was best for the winter season; the multivariate was best for all other seasons and the full year. For PP,
the multivariate matched load model was best for all seasons and the full year.

I See text for term definitions.
§ Column provides regression coefficients for model terms.

[ Column provides incremental sum of squares explained by each model term. Model terms were regressed sequentially.

# Not significant (p > 0.05)

71 Indicates that the associated coefficient was not significant, and the term was dropped.

1% 95% Confidence interval for estimated treatment effect.

§§ Dropping the nonsignificant terms from the summer PP analysis resulted in a model with In(peak Q) as the only covariate (residual variance = 0.63).
The estimated summertime load reduction using this model was 31% with a Cly; of —1 to 53%.

and in all seasons except the spring for the TDP models,
and in the winter and spring for the PP models, indicat-
ing a relationship among the variables more complex
than in Eq. [7] and [8], and justifying the use of uncon-
strained estimators of b and c.

When the farm event peak flow In(peak Q) and the
farm average event flow rate In(Qyg;) were incorporated
as additional explanatory covariates in Eq. [2] they con-
tributed substantially to the PP analyses, increasing ad-
justed R? by 5 to 13% for the seasonal analyses and by
11% for the full year (Table 4). These flow terms pro-
vided little improvement for TDP, however, increasing
adjusted R? by just 1 to 2% for all analyses. Evidently,
TDP loading was effectively described using only In(P,)
and In(Qy/Q,), while for PP the farm flow terms were
useful on-site descriptors of event characteristics affect-
ing sediment transport and PP loading processes. This
makes sense from a hydrologic standpoint because PP
loading depends on surface detachment and transport
processes that are likely to behave somewhat differently
at the farm and nonfarm watersheds, whereas TDP load-
ing depends more directly on the volume of runoff pro-
duced during each event. In vegetated areas of both
watersheds the plant canopy decreases the erosive im-
pact of rain on soils and serves to retard sediment loss.

Areas unique to the farm watershed, such as tilled fields,
unprotected stream banks, barnyards, farm roads, and
cattle lanes, can exhibit elevated sediment loss, particu-
larly as event intensity increases.

For the multivariate PP analyses, In(peak Q;) was
highly significant (p < 0.02) for the full year and for
all seasons. Although In(Qg) was sometimes not signifi-
cant, the two flow variables appeared to work together,
and the largest reductions in residual error were ob-
tained when both were included. Used together in the
multivariate model, the farm event flow terms compen-
sated for apparent differences in farm and nonfarm hy-
drologic response, thus helping to resolve treatment
effects.

Best Management Practice Treatment Effects

A best ANCOVA model was selected for TDP and PP
for each season from the univariate (Eq. [4]), bivariate
(Eq. [5]), and multivariate (Eq. [2]) matched load mod-
els, based on the residual variance and in view of the
significance of the coefficients. The multivariate model
was always best except for the winter TDP analysis when
the bivariate was best. Best model regression results
and the estimated magnitude of post-treatment P load
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reductions, along with 95% (z = 1.96) confidence inter-
vals (Clys) for the estimates computed from the coeffi-
cient and standard error of the treatment indicator vari-
able k, are given in Table 5, for each season and the
full-year dataset.

Multivariate analyses of the full-year datasets (Table 5)
indicated that TDP event loads were reduced by 43%
in the post-BMP period (Clys: 36-49%), while PP event
loads were reduced by 29% (Clys: 15-41%). Significant
(p < 0.05) TDP load reductions were evident in all sea-
sons except the fall. For PP, load reductions were signifi-
cant only in the winter and summer seasons. Effects of
seasonal differences in BMPs and hydrology on results
(Table 5) are discussed below.

Winter (15 December-13 April)

The TDP and PP event loads were reduced by 43%
(Clgs: 36-50%) and 32% (Clos: 15-45%), respectively,
in the post-BMP period. It is likely that winter load re-
ductions were largely attributable to storage of manure
and minimal spreading from mid-December to mid-
April (Fig. 3). The residual variances for winter were
the smallest, perhaps because soil conditions during this
time period (frozen, snow-covered, or saturated) cre-
ated a more uniform runoff source area than in other
seasons.

Spring (14 April-14 June)

The TDP event loads were reduced by 36% in the
post-BMP period (Clys: 14-52%), while PP event loads
showed a nonsignificant (p > 0.05) reduction of 18%
(Clys: =31 to 48%). Although springtime is also charac-
terized by saturated watershed conditions, the residual
variances for this period were higher than for the winter,
perhaps due to variability introduced by P loss from
manure-spread fields and to increased sediment avail-
ability resulting from spring tillage. Manure was heavily
surface-applied in the spring months (Fig. 3) to empty
the storage, with some being incorporated into the soil
during tillage.

Summer (15 June-30 September)

The TDP and PP event loads were reduced by 52%
(Clys: 36-64%) and 39% (Clys: 2-62%), respectively,
in the post-BMP period. In the dry summertime, upper
watershed slopes did not usually saturate, and P loads
were produced mainly from near-stream, impermeable,
and slope-break source areas. Summer P load reductions
may be attributable to exclusion of cows from the stream
corridor, relocation of the silage storage bag away from
the stream bank, implementation of rotational grazing,
improved pasture management, and somewhat reduced
manure spreading during summer months (Fig. 3). The
residual variances for the summer were the largest of
any season, most likely due to the highly variable nature
of summer rainstorms and soil moisture conditions. Al-
though the multivariate model (Eq. [2]) was chosen as
the best model for the summer PP analysis to maintain
consistency with the considered model options, the coef-

ficients for In(Py), In(Qy/Q,s), and In(Qx) were not sig-
nificant (p > 0.05) in the summer. If the nonsignificant
terms were sequentially removed, the model reduced to
a single covariate, farm event peak flow In(peak Qy),
reflecting the association of PP loading with sediment
transport processes. During summer periods, increased
sediment availability from near-stream sources and
greater minimum baseflow at the farm appeared to cre-
ate conditions that were not well matched by the smaller,
more vegetated control site. Thus, while the bivariate
model ([Eq. 5]) did have significant results, models con-
taining In(peak Qy) provided better resolution (Table 4).

Fall (1 October-14 December)

Significant event P load reductions were not observed
during the fall season (Table 5). Increased fall manure
spreading in the post-BMP period (Fig. 3) when the
farmer emptied the manure storage lagoon in prepara-
tion for the winter may have offset any P reductions at-
tributable to other BMPs implemented on the farm.

Other changes in farm practices occurring in the post-
BMP period may have counteracted the effect of BMPs
to some degree. These included a gradual increase in
herd size of about 30% and intensified use by cows of
a streamside loafing yard that created a concentrated
P-loading source area not far upstream of the monitor-
ing station (Hively, 2004). In addition, none of the BMPs
(Table 1) altered either the amount of P imported onto
the farm as feed or fertilizer or the amount exported as
products. Therefore, as the mass balance of P on the
farm did not change appreciably during the study pe-
riod, presumably any reductions observed in stream
losses of P resulted from more of it being retained on
the farm. This outcome has the potential of accelerating
net accumulation of P in the farm soils and eventually
raising STP levels to the point of saturation of soil P
binding capacity. Studies indicate this saturation point
represents a threshold of STP above which TDP concen-
trations in runoff can increase sharply (e.g., Beauchemin
and Simard, 1999; McDowell and Sharpley, 2001), an
effect that could lead to increased loading of dissolved
P from the farm in the future.

Beginning in 2001, a second round of BMPs was im-
plemented on the farm that not only corrected the con-
centrated P source area, but addressed an identified P
imbalance resulting from more P being imported, largely
as purchased feeds, than was exported in the form of
milk, meat, or crops. The farm watershed P mass balance
was improved with institution of a precision feeding
program, which lowered imports of dietary P by an aver-
age of 25% and reduced excretion of P in manure by
33% (Cerosaletti et al., 2004). Reductions of this magni-
tude in the amount of manurial P applied to the farm
soils are expected to slow the rate of soil P accumulation
and continue to reduce losses of P in runoff waters.

Our study was somewhat unique in its characteriza-
tion of the changes in water quality from a single farm,
so findings from other BMP effectiveness studies that
monitored larger watersheds may not be directly compa-
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rable. One study of interest (Brannan et al., 2000), how-
ever, demonstrated reductions of 35% in PP loading
and 4% in TDP loading in a 10-year evaluation of animal
waste practices (including manure storage, spreading
schedules, and stream fencing) implemented in a 331-ha
Virginia watershed containing two dairy farms. In the
same study, the authors reported PP load reductions of
70%,but TDP load increases of 117% in a nearby 462-ha
agricultural watershed composed mostly of cropland
that received BMPs including nutrient management
plans based on nitrogen needs, and field erosion control
practices. Application of manure at rates based on nitro-
gen needs of crops, which typically results in overfertili-
zation of P, and conversion of organic P to inorganic P
in the manure storage were given as factors that could
explain the ineffectiveness of the program in reducing
TDP loads. The BMPs evaluated in our study produced
overall PP reductions comparable with those Brannan
et al. (2000) reported for the first watershed and about
half of that observed in the second watershed, but were
much more successful in reducing TDP loading. Find-
ings of Brannan et al. (2000) may constitute evidence
of the eventual P saturation of soil and subsequent re-
lease of dissolved P in runoff that is postulated to occur
when conservation and nutrient management practices
are implemented in the absence of efforts to improve
whole-farm mass balance of P.

Single Watershed Models

Although the study was designed to use paired water-
sheds, with event loads from the nonfarm watershed
In(P,) serving as the primary covariate to explain natu-
ral variation in farm event loads In(P;), we were inter-
ested in determining what BMP effects might have been
observable if only the farm watershed had been moni-
tored, as in a simple “before and after” study, and just
its flow variables were available as covariates. Farm
event flow volume In(Qy) was first tested as the primary
covariate in the univariate single watershed model:

ln(Pfi) =a+ bIn(Qy) + fki + & [9]

where In(Qy) represents the magnitude of each event.
The numerical computation of both P; and Q; is based
on the same set of field measurements; indeed, P; is the
sum of the products of the individual flow measurements
and associated P concentrations, so that In(P;) and In(Qy)
will be highly correlated if the variation in concentration
among events is modest. This model (Eq. [9]) accounted
for 78 to 87% of observed variability in seasonal TDP
loads and 78 % of variability in full-year TDP loads (Ta-
ble 4); for PP it accounted for 58 to 73% of observed
variability in seasonal loads and 54% of variability in
the full year.

When compared with the univariate single watershed
model (Eq. [9]), a bivariate single watershed model us-
ing farm event peak flow In(peak Q;) and average farm
event flow rate In(Qg) together:

In(P;) = a + b In(peak Q) + ¢ In(QOrp) + fki + &
[10]
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generally accounted for less of the observed variability
in TDP loads (65-81% seasonal, 76% full year), but
substantially improved the results for PP (72-82% sea-
sonal, 72% full year) (Table 4).

While both of these single watershed models explained
a larger portion of observed variability (Table 4) than
was accounted for by the standard univariate matched
load model (Eq. [4]), they were not able to demonstrate
significant (p < 0.05) reductions in event PP loads, and
never outperformed the multivariate models. These re-
sults are consistent with the conclusion of Spooner et al.
(1985) that, without a very long monitoring period, be-
fore and after study designs are unlikely to document
statistically significant BMP effects at the watershed
level.

Analytical Power and Minimum Detectable
Treatment Effect

Model precision is an important issue because it af-
fects both statistical power and minimum detectable
treatment effects (Cooke et al., 1995; Galeone, 1999;
Loftis et al., 2001). From a research perspective, a moni-
toring study should be designed so that it has a high
probability, or power, of detecting statistically signifi-
cant changes in water quality. Power is a function of
the magnitude of change in the water quality variable
being investigated, the variance of the residual errors
(the complement of model precision), and the required
significance level. Statistical power for a one-sided ¢ test,
based on pre- and post-treatment sample size and model
precision, can be approximated (Bickel and Doksum,
1977) by:

m(f) =1 - Plzo — floi] [11]

where w(f) is the power equal to the probability of cor-
rectly rejecting the null hypothesis of no treatment effect,
as a function of f > 0; a is the required Type I error; ®
is the standard normal cumulative distribution; z, = ®
[1 — «], the critical value for a normal distribution; f is
the coefficient of k in (Eq. [2]), describing the mag-
nitude of P load reductions; and o; = {a2[(XTX)'];}"”
standard error of the coefficient f of the k term in Eq.
[2], where o7 is the residual variance and (X"X) ! is the
hat matrix from the regression analysis.

An estimate of o; appears in the regression output
for each season and the full-year dataset, making the
computation in Eq. [11] relatively simple if attention is
restricted to the set of observed covariates. This ap-
proach neglects any uncertainty associated with estima-
tors of the residual variance o3, generally unimportant
for larger sample sizes (Bickel and Doksum, 1977).

A comparison of power for the univariate (Eq. [4]),
bivariate (Eq. [5]), and multivariate (Eq. [2]) matched
load models is presented graphically in Fig. 6a (TDP)
and 6b (PP) for the seasons with the smallest (winter)
and largest (summer) residual variances. The faster the
power curves rise toward one, the greater the probabil-
ity that the test will correctly detect a specified water
quality improvement. Residual variances o2 and the esti-
mated probabilities (power) of detecting a 20% treat-

’
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that the incorporation of the flow ratio covariate In(Q;/
Q) into the bivariate model substantially increased the
power of the ANCOVA for both TDP and PP (Fig. 6a,
6b); adding the farm flow terms In(peak Q;) and In(Qg,)
into the multivariate model further increased the power
of the PP analyses. Gains in power were greatest for
the summer season when incorporation of the flow ratio
term produced the greatest reduction in residual vari-
ance (Table 6). Power was greatest for the full-year and
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g Fig. 6. Statistical power (o = 5%) of univariate, bivariate, and multivariate analyses for winter and summer seasons addressing (a) total dissolved
- phosphorus (TDP) and (b) particulate phosphorus (PP) event loads. The standard errors o; (SE) associated with the coefficient of the
8 treatment index variable k in Eq. [2] for the three TDP winter and summer models equaled 0.123, 0.078, 0.081 and 0.353, 0.182, 0.173,
o respectively. For the three particulate phosphorus (PP) winter and summer models, the standard errors o; were 0.179, 0.148, 0.111 and 0.454,
= 0.312, 0.239, respectively.
o
§' ment effect (f = —0.22) are listed in Table 6. It is clear winter analyses due to the larger sample sizes (Table 2)

and to the smaller residual variance for the winter season
model. Power was lower for PP analyses than for TDP
analyses, due to the higher degree of variability associated
with the PP data.

For a fixed Type I error probability (o) and fixed
power (), the smallest detectable treatment effect can
be calculated using:

Jain = (2o + 2p)0% (12]
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Table 6. Residual variance, power, and minimum detectable
treatment effect (MDTE) associated with matched load analy-
sis of covariance (ANCOVA) regression models7 for total dis-
solved phosphorus (TDP) and particulate phosphorus (PP)
event loads.

Winter Spring Summer Fall Full year
TDP
Residual variance o?
Univariate 0.32 0.46 1.40 0.60 0.68
Bivariate 0.13 0.27 0.37 0.19 0.25
Multivariate 0.12 0.23 0.32 0.17 0.21
Power (%) at A = 20%
Univariate 56 24 15 20 60
Bivariate 88 33 33 41 93
Multivariate 85 34 35 43 95
MDTE (%)$§
Univariate 30 59 87 68 29
Bivariate 19 45 45 39 18
Multivariate 20 44 43 37 17
PP
Residual variance o?
Univariate 0.67 0.82 2.31 0.83 1.24
Bivariate 0.45 0.58 1.07 0.52 0.84
Multivariate 0.22 0.39 0.61 0.36 0.57
Power (%) at A = 20%
Univariate 34 17 12 17 40
Bivariate 44 20 17 22 52
Multivariate 64 24 23 26 604
MDTE (%)
Univariate 44 78 112 80 39
Bivariate 37 68 77 63 32
Multivariate 27 58 59 54 27

T Univariate model = Eq. [4]; bivariate model = Eq. [S]; multivariate
model = Eq. [2].

i Percent chance of detecting a 20% post-treatment reduction in P
event loads.

§ 80% chance of detecting a post-treatment percent reduction in P event
loads of this magnitude.

where f;, is the MDTE, z,, is the critical value for a Type
I error probability («), zg is the critical value for Type
IT error probability (B), and o; = {o[(X"X) '];}'* is the
standard error of the estimator of k£ in Eq. [2].

For example, if @« = 5% and B = 20% (power = 80%):

fon = (164 + 0.84)0; = (2.48)0;

If the sample size is small (<25), then Eq. [12] should
be modified to account for the limited degrees of free-
dom (Bickel and Doksum, 1977).

Estimates of MDTE calculated using power = 80%
and a desired confidence level of « = 5% (Table 6) dem-
onstrate that the addition of a second covariate In(Q;/
Q.) to the bivariate model (Eq. [5]) substantially re-
duced the minimum detection limit for both TDP and
PP when compared with the univariate matched load
model (Eq. [4]). Without this innovation sample sizes
were insufficient to separate the data into seasonal cate-
gories and still detect treatment effects. Incorporating
In(peak Q) and In(Qg) as additional covariates in the
multivariate model (Eq. [2]) resulted in further im-
provements in model power and reductions in MDTE,
particularly for the PP analyses.

Estimating Average Watershed Loading Rates

Six-year average farm watershed P loading rates were
estimated using observed covariate data along with coef-

ficients from the best seasonal ANCOVA models (Ta-
ble 5) to predict event loads as if BMPs had been in
place the entire time or had not been implemented at
all. In particular, two “filled-in” event datasets were pro-
duced: one combined two years of observed with four
years of modeled loads to yield six years without BMPs
(no-BMP); the other combined four years of observed
with two years of modeled loads to yield six years with
BMPs (BMP). The treatment index variable k was set
equal to one (Eq. [2]) to calculate BMP values for the
pre-treatment period, and was set equal to zero to calcu-
late no-BMP values for the post-treatment period.

A quasi-maximum likelihood error estimator (Fergu-
son, 1986; Cohn et al., 1989; Cohn 1995; Millard, 1996):

Pf[pred] = eXp[ln(Pf[pred]) + 05/2] [13]

was used to reduce bias when transforming predicted
log farm P event loads back to real loads. Seasonal event
load totals were calculated for each year (Hively and
Stedinger, 2003) and were summed to produce an annual
“sum of seasons” load. Respective no-BMP and BMP
six-year average loading rates calculated in this man-
ner were 256 and 164 g ha™! yr~! for TDP, and 656
and 536 g ha™! yr~! for PP. As a comparison, observed
control watershed loading rates were much lower, aver-
aging 12 g ha™! yr~! for TDP and 45 g ha™! yr~! for PP
over the six study years. Phosphorus loading rates for
each site’s predominant land use are consistent with
those previously measured in the Catskills region (e.g.,
Brown et al., 1983; McHale and Phillips, 2001), as well
as in other parts of the U.S. Northeast (e.g., Budd and
Meals, 1994). The calculated farm loading rates apply
to the entire farm watershed, which is 53% forested. If
the much lower loading rates observed at the control
watershed were assumed to be representative of the
forested portion of the farm, then loading rates for the
agricultural portion would be about twice as high as
those presented above.

This method can also be used to estimate a BMP treat-
ment effect (Hively and Stedinger, 2003), although con-
fidence intervals will be wider than in Table 5 due to
the small number of yearly sums and to the large degree
of inter-annual variation. It would have utility, however,
if the interaction term k-In P in Eq. [2] were found to
be significant, in which case the influence of BMPs would
vary with event magnitude and the simple treatment
index variable k would not represent the entire treat-
ment effect. In the present study the interaction term
was never significant; accordingly, the regression model
results presented in Table 5 provide a more accurate
and direct estimate of treatment effects.

CONCLUSIONS

Implementation of BMPs on the monitored farm re-
sulted in a large number of changes to many aspects of
the farm’s infrastructure and management, and the ob-
served reductions in P event loads are probably attribut-
able to all of them. The small-scale watershed monitor-
ing approach was an effective method for evaluating
treatments that affected P loading processes throughout
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the farm landscape. The results of the study quantita-
tively demonstrate that dairy farm BMPs can succeed
in reducing P losses during runoff events. Overall, de-
creases in farm event loads were estimated to be 43%
for TDP and 29% for PP. While the monitored farm has
been more intensively managed, from an environmental
perspective, than most other farms in the region that
have adopted BMPs, our findings provide evidence that
the WAP has reduced P loading to one of New York
City’s water supplies, Cannonsville Reservoir. Presum-
ably, decreases in stream losses were a consequence of
greater retention of P within the farm watershed, an
outcome that could eventually lead to saturation of soil
with P. Thus, management programs that combine effec-
tive conservation and nutrient management measures
with practices designed to improve farm P mass balance
and slow net soil accumulation would appear to have
the best chance of protecting water quality over the
long term.

Multivariate ANCOV A was an effective technique for
evaluating paired watershed event load data. Covariates
explained 80 to 90% of observed variability in annual
and seasonal TDP and PP event loads. The multivariate
model improved on previous methods of paired water-
shed data analysis (USEPA, 1993) by including several
covariates to control for environmental variability. The
nonfarm watershed proved to be a satisfactory control
for farm TDP loads as long as the ratio of watershed
event flow volumes was also incorporated as a covariate.
This term accounted for “unmatched” differences in
event flow volumes resulting from unbalanced event
precipitation at the two sites, and was most important
in the summer season when precipitation events were
more spatially variable. For PP, incorporation of two
additional covariates, farm event peak flow and farm
event flow rate, resulted in further and substantial im-
provement in model accuracy by accounting for inherent
between-watershed differences in sediment availability
and hydrologic response. The high degree of unexplained
variability apparent in the PP study data suggests that
future studies of PP loading should consider increas-
ing intra-event sampling frequency and incorporating a
precipitation intensity covariate into the ANCOVA to
better account for particulate delivery and transport
processes.

Separation of the data into seasons before analysis
allowed a more precise evaluation of changes in P event
loads and their relation to specific BMPs when compared
with the full-year analysis, despite the smaller sample
size. The improved precision was particularly important
for analysis of the winter season, which accounted for 40
to 50% of annual P event loading.

Overall, the use of multiple covariates, including pa-
rameters such as flow, precipitation, or temperature, may
substantially improve the power of paired watershed
ANCOV A models and reduce the number of samples nec-
essary for detection of changes. Cost savings could be
realized by employing multiple predictor variables to
improve the precision of the analysis, rather than by
increasing sample size. Using a nonfarm site as a control
can provide a valuable alternative to the use of a second

farm in long-term paired watershed studies, as it can be
difficult to find a control farm that maintains consistent
operation and management throughout the study period,
especially in areas like the New York City water supply
basin where 85% of the dairy farms are participating in
the WFP program. Use of a stable control site to repre-
sent environmental variation along with other covari-
ates from the treatment watershed was critical for suc-
cessfully determining the seasonal effects of BMPs on
farm P loading.
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