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Challenges and Opportunities With
On-Farm Research: Total and Soluble
Reactive Stream Phosphorus Before
and After Implementation of a
Cattle-Exclusion, Riparian Buffer
Christine B. Georgakakos*, Chelsea K. Morris and M. Todd Walter

Biological and Environmental Engineering, Cornell University, Ithaca, NY, United States

Many nutrient mitigation best management practices (BMP) are promoted by state

and federal agencies to protect water quality from animal agriculture. The measured

effectiveness of these is highly variable in the research literature. Here, we establish

pre- and post-BMP monitoring to evaluate the effectiveness of fencing out cattle from

the riparian zone on water quality, specifically, phosphorus (P) loads and concentrations.

We collected water samples year-round both before and after a cattle exclusion was

established at a small mixed dairy and beef cattle pasture where cattle have historically

grazed with unrestricted access to first and second order streams, and analyzed for

soluble reactive and total P. Immediately after fence construction, we observed a

significant reduction in total P in the stream but not in soluble reactive P.We also observed

the development of new runoff source areas and short-circuiting of the riparian buffer as

well as repeated presence of cows in the fenced-out area, all of which may diminish

the potential effectiveness of this practice. Because BMPs will perform uniquely given

climate and landscape position and how managers maintain them, we suggest the need

for more nuanced guidance for future BMP designs to ensure successful outcomes.

Keywords: total phosphorus, soluble reactive phosphorus, total suspended solids, riparian buffer, cattle exclusion,

best management practice

INTRODUCTION

Toxic algal blooms can impact drinking water supplies and recreation on lakes due to their effects
on wildlife and humans (Correll, 1998). Harmful algal blooms are a rising issue across the US
(US House of Representatives, 2014), with New York State (NYS), in particular, making some
important changes. New York State’s Water Quality Rapid Response Team, under direction of
the governor and Department of Environmental Conservation, has begun steps to implement a
serious effort to reduce harmful algal blooms according to the 12th Proposal of the State of the
State (NY Executive Branch, 2018). Harmful algal blooms and associated eutrophication result
from high nutrient inputs to freshwater bodies. Harmful algal blooms are defined broadly as
the growth of toxin producing algae. Eutrophication results from an excessive nutrient load to a
water body, often leading to anoxic conditions. Limnological systems are frequently phosphorus
(P) limited (e.g., Anderson et al., 2002), leading to an acute focus on how to reduce P loadings,
in particular to protect water quality. The P equilibrium in lakes complicates management of
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this nutrient because P sorbs to sediment particles, is
incorporated into algal and bacterial biomass, and exists in
biologically available ionic forms (Correll, 1998; Chislock et al.,
2013). This equilibrium makes managing for sediment-bound
and biologically available P equally important. The anoxic zones
that can accompany eutrophication in lakes push the equilibrium
to favor desorbing sediment-bound P into the water column,
exacerbating the P problem if sediments have sequestered large
amounts of P (Holdren and Armstrong, 1980; Howarth et al.,
2011). Agriculture has been identified as a high contributor of
P to lakes and the streams that feed them, and is therefore one
important area to implement phosphorus reducing management
strategies (e.g., Drolc and Zagorc Koncan, 2002; Ulén et al.,
2007).

Avoiding fertilization, manure spreading, or fecal deposition
in areas that are likely to generate runoff mitigates non-
point source pollution (Walter et al., 2000; Thodsen et al.,
2015; Winchell et al., 2015; Knighton et al., 2017a). Within
nutrient-rich parts of a watershed (e.g., areas that receive animal
manure), the areas that are most prone to soil saturation,
including streams, disproportionately contribute more nutrients
to streams than other parts of the landscape (e.g., Archibald
et al., 2014; Lerch et al., 2015; Peukert et al., 2016). In designing
best management practices (BMPs) to reduce non-point source
pollution, it is therefore reasonable to focus resources on these
hydrologically sensitive areas.

Riparian buffers, or uncultivated borders to streams, are
prescribed for several reasons to mitigate nutrient pollution
from agricultural fields. One reason is because streams and
their riparian zones disproportionately generate runoff due to
high soil moisture. Riparian buffers therefore are prescribed to
reduce transport of pollutants that could have been deposited
within the buffer area, if the buffer area were not protected.
A second application is allowing the buffer to slow overland
flow and allow for deposition and degradation of nutrients. A
cattle exclusion area as applied around a stream is referred to
as a cattle-excluded riparian buffer and aims to address both of
these nutrient transport mechanisms. This practice is generally
recommended for the purpose of eliminating fecal deposition
directly into streams and reducing sediment suspension from
cattle traffic (Miller et al., 2010). Cow behavior appears to
have significant impacts on site hydrology. In their search for
shade and water cattle may continue to compact soils near
streams and increase the risk of runoff (Trimble and Mendel,
1995).

Many studies have found riparian buffers reduce P loading to
streams from cropped agricultural fields (Patty et al., 1997; Aguiar
et al., 2015; Mander et al., 2017; Zhang et al., 2017). Suggested
widths for those buffers are highly variable in the literature (e.g.,
Lee et al., 2003, 2004). Implementation of riparian buffers has
traditionally followed a blanket approach of including either the
flood plain of a 100-year design storm or 25–50 ft of undisturbed
forest to buffer streams (e.g., NYS Department of Environmental
Conservation., 2015). However, this broad approach does not
account for nuances of topography, livestock rotation, or variable
source areas that may contribute more pollutant loads at different
points during the year (Walter et al., 2000). Walter et al. (2009)

recommend creating riparian buffers of flexible widths to account
for variable source areas.

Within a riparian buffer, mechanisms for P removal are
sediment deposition, sorption to sediment particles, chemical
precipitation or conversion, plant uptake, and biological
immobilization via incorporation into organisms. However,
rates and reaction potentials of these processes depend on soil
type, degree of P saturation, buffer width, vegetation type, and
management conditions of the buffer region (Hoffmann et al.,
2009).

Total P pollution is reported to be reduced with the
implementation of riparian buffers (McKergow et al., 2003;Miller
et al., 2010; Shukla et al., 2011). However, as P accumulates in
buffer sediments, the ability of the buffer to reduce P pollution
diminishes with time unless a management strategy, such as
removing plant material that has accumulated P, is implemented
(Dodd and Sharpley, 2015). Reports of soluble reactive P
reduction by riparian buffers, however, are inconsistent. Some
studies report soluble reactive P removal (Abu-Zrieg et al., 2003;
Lee et al., 2003), while others report soluble reactive P generation
(Makin et al., 2007; Hoffmann et al., 2009). For a diversity of
reasons, riparian buffers are sometimes ineffective in reducing
nutrient loads to streams. One such reason, relevant to this study,
is point sources, such as tile drains, bypassing riparian buffers and
routing water directly to streams or other receiving waters.

In this study we assess the effectiveness of a cattle-excluded
riparian buffer on reducing total and soluble reactive P loads
and concentrations to a small headwater stream by comparing
pre- and post-BMP installation. We also include qualitative
observations that may be relevant to BMP effectiveness.

METHODS

Site Description
Our study site was a small active cattle pasture in the Finger Lakes
region of NYS with a small headwater stream dividing the pasture
(Figure 1). The farm in this study experienced several landscape
alterations that are expected on a dynamic farm, such as changes
in pasture boundaries, type of cow grazed, and integrity of
fencing. These changes complicate nutrient runoff analysis, so
we present here the results of a cattle exclusion riparian buffer in
light of typical farm management and changes. The objective of
this study is to characterize phosphorus and sediment dynamics
under conditions seen in practice, i.e., including each of these
complicating factors.

The climate is temperate with snow-influenced runoff in the
spring. The annual rainfall during the study period was recorded
in Auburn, NY (10.5 km from the study site) and collected
from the National Oceanic and Atmospheric Administration’s
National Center for Environmental Information (NOAA
National Center for Environmental Information, 2018). Pre-
BMP monitoring occurred during 2014 and 2015, with 1.21
and 1.23m of annual precipitation respectively. Post-BMP
monitoring occurred in 2017 through March 2018, with the
annual 2017 precipitation at 1.29m.

The watershed contributing flow to the inlet of the study reach
was 9.5 ha, while the total watershed contributing flow at the
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FIGURE 1 | Study watershed. Inlet watershed comprises of fields draining into a road ditch that feeds the inlet of the stream. Northern watershed boundary has been

significantly altered from natural flow regime by agricultural infrastructure development. In the subsequent discussion point sources of pond effluent, tile drainage, and

cow generated saturated areas correspond with point sources from west to east respectively in the figure above. This image was taken pre-BMP implementation. The

three renovated settling ponds are located in the boxed exclusion area near the stream outlet and collect manure overflow from the manure pit shown in the

north-western corner of the watershed. Of the three inlets, only the northern-most inlet point is used as the inlet in this study. This map was created using ArcGIS

software by Esri. ArcGIS and ArcMap are the intellectual property of Esri and are used here under license (ESRI, 2011).

outlet of the stream from the farm property is 65.2 ha. There are
two additional springs contributing flow along the stream reach,
with 12.4 and 8.3 ha in each drainage. The stream reach is 953m
long, and the cattle exclusion buffer width is 14m. The total
watershed is 20% forested with the remainder being pasture and
cropped land; the inlet watershed (Figure 1) is 100% fertilized
corn and hay.

The farm is a small mixed dairy and beef cattle operation
with an average of about 100 cows over the study period. This
particular farm was identified as a possibly high contributor of P
to the waterway, and was therefore chosen by the local Soil and

Water Conservation District to receive several BMPs to reduce P
pollution to the surface water system.

The initially envisioned BMP was only a cattle-excluded
riparian buffer. However, as a result of identifying a highly P-
enriched tile drain, the BMP also included renovation of an
existing in-series settling pond system. The pond system had
been degraded, presumably due to the cattle, such that water
from some treatment ponds was being directed into the drain.
The cattle-exclusion fence surrounds all streams that cross and
border the property and the renovated settling ponds. The pond
system was renovated by adding an additional in-series settling
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pond, and routing contaminated water from manure overflow
to the first of three in-series ponds (Figure 1). This study
focuses on the impacts of the cattle-excluded riparian buffer.
However, we acknowledge that the impact of the renovations
on this property on phosphorus loading reduction would be
greater when accounting for all BMP renovations. To primarily
analyze the impacts of the riparian buffer on the reach, all in
stream nutrient calculations correspond to samples immediately
upstream of where the pond point source mixes with the stream.

Sampling Methods
Grab samples were taken from the stream and pipes discharging
into the stream year round and analyzed for total phosphorus
(TP), soluble reactive phosphorus (SRP), and total suspended
solids (TSS). One year of sample analysis pre-BMP was deemed
sufficient in accordance with former cattle exclusion studies (e.g.,
Sheffield et al., 1997). A total of 78 grab samples, 51 pre-BMP
and 27 post-BMP, were taken at the outlet. Pre-BMP samples
were distributed seasonally: 7, 25, 11, and 4 samples for spring,
summer, fall and winter months, respectively. Similarly, post-
BMP samples were seasonally distributed with 4, 12, 8, and 3
samples for spring, summer, fall and winter, respectively. Winter
was sampled less frequently because cows were not in the pasture.
The grab sampling method was chosen to obtain non-storm
event samples so to highlight the impact of the buffer during
the majority of the year rather than the inability of the buffer
to entrap contaminants during high flows. Grab sampling is a
method accessible to farms more so than other more continuous
data collection techniques, which enables research like this
study to be applied widely. Samples were collected using plastic
Nalgene 200–1,000mL bottles, stored on ice during transport,
and prepared for TP, SRP, and TSS analysis in the lab. Samples
were taken at a minimum frequency of once per month and a
maximum frequency of once per week during both pre and post
BMP monitoring.

Instantaneous discharge measurements were taken 9 times
between the two sampling periods. Because interpretation of
concentration data alone is limiting, we turned to a simple
stream flow model, validated for this region, and used our few
flow measurements to calibrate the seven model parameters.
Parameters were initialized with values used in the Owasco
watershed, the basin that encompasses the farm and our
catchment (Archibald et al., 2014). Calibrating a regional model
with only a few measurements and prior estimates of model
parameters has been used in ungauged catchments before (Rojas-
Serna et al., 2006). The modeled discharge values were used to
calculate P and sediment loads.

Analysis Methods
Total Phosphorus and Soluble Reactive Phosphorus
Samples were filtered the same day of sampling for SRP and
acidified using sulfuric acid to prevent algal and bacterial
growth. TP samples were acidified with sulfuric acid day of
sampling, then fully digested using persulfate solution paired
with sulfuric acid (USEPA, 1978) and filtered after digestion.
All samples were filtered using 0.45µm filter paper before
analysis. All samples were stored at 4◦C until sample analysis.

Phosphorus analysis was done on an automated wet chemistry
analyzer (FS3000; Xylem Analytics O.I. Analytical, Beverly,
Massachusetts) screening for phosphate anions (PO3−

4 ) in SRP
and digested TP samples. Reagents for analysis were ammonium
molybdate, ascorbic acid, sulfuric acid, and potassium antimonyl
tartate (USEPA, 1978). Each run was calibrated using 0.005,
0.05, 0.5, 5, and 10 ppm potassium phosphate standards, with
all R2 values of the standard curves between 0.999800 and
0.999999.

Total Suspended Solids
At both the inlet and outlet of the stream reach, pre-
BMP and post-BMP samples were analyzed for total
suspended solids (TSS). Water volume filtered for TSS
analysis ranged from 100 to 500ml depending on visual
clarity of the water. All filters were 0.45µm Whatman
glass fiber filters (cat. no. 1826-047). Immediately
following filtration, filters were oven dried at 60◦C for
24 h.

Statistical Analysis
Data analysis was completed using R-studio (version 1.0.136)
for data visualization and statistical analysis. Statistical testing
for comparing samples from pre and post-BMP periods was
preformed using a Wilcox Rank Sum test (two-sided Mann-
Whitney test) after determination that data was not normally
distributed following Shapiro-Wilks normality tests. The null
hypothesis was that loads and concentrations of P and TSS did
not differ, while the alternative hypotheses was that samples
from pre and post-BMP monitoring experienced a shift in value.
For the following discussion, significance is defined by p <

0.05.
To normalize differences in runoff volume and changes in

P flowing into the reach on any sample day, TP, SRP, and
TSS load accumulations were calculated to define effectiveness
of the buffer over the course of the entire reach. Load
accumulation is calculated by first modeling the flow at
the inlet and outlet of the system using JoFlow (Archibald
et al., 2014) in the R EcoHydRology package. This model
was chosen due to its representation of regionally relevant
hydrological mechanisms and good agreement with distributed
and watershed hydrological monitoring (Archibald et al., 2014;
Knighton et al., 2017a,b). The forcing data for this model are
precipitation, maximum and minimum daily air temperatures,
latitude, and day of the year. The parameters of mean annual
wind speed, the initial abstraction for surface water pooling,
minimum daily curve number, time to peak, maximum potential
evapotranspiration, the recession coefficient, ground albedo, and
a coefficient for the curve number’s relationship to the soil
water were calibrated to this watershed using the Dynamically
Dimensioned Search (DDS) generated by Tolson and Shoemaker
(2007). The Nash-Suticliff Efficiency Coefficient (NSE) (Nash
and Sutcliffe, 1970) objective function was used to determine
model fit to observed discharge. We generated the NSE from
the natural log of the data to remove heteroscedasiticty of
the underlying residuals. Equation 1 gives the relationship
used.
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TABLE 1 | Calibrated parameter values obtained by running DDS.

Parameter Calibrated value

Wind speed (m/s) 3.9

Forest coverage (%) 20

Time to peak (hr) 7.9

Maximum PET (mm/day) 5.51

Baseflow recession coefficient 0.058

Daily minimum CN (mm) 42

Coefficient relating CN to soil water 1.12

Initial abstraction coefficient 0.22

Ground albedo 0.10

All other parameters used the default values of model. CN refers to the curve number

method of generating runoff. Numbers that appear without units are scalars. PET, potential

evapotranspiration.

NSE = 1−

∑
(ln(Simi)− ln(Obsi))

2

∑
(ln(Obsi)− ln(average(Obs))2

(1)

where Simi refers to simulated daily flow and Obsi refers to the
observed flow on the same day.

Load Calculations
Watershed area was delineated using ArcGIS from 1927 UTM
projection 18N (NYS, 1927) initially, however modifications
to the landscape by agricultural water routing and road ditch
installation have drastically changed the local hydrology from
what was captured in the DEM. The ArcGIS delineated watershed
was manually adjusted to match the true hydrologic patter of the
region after walking the watershed boundary.

Stream discharge measurements were made 9 times over the
course of the study, and used to calibrate simulated continuous
flow. The JoFlow (Archibald et al., 2014) model used pre-
defined or calibrated input parameters shown in Table 1. JoFlow
was used to obtain daily discharges, which were in turn used
to calculate daily loads of TSS and P from grab samples on
the same day. No samples were used to model P or TSS
loads on days other than the days they were taken. We chose
to model stream flow because discharge data can be difficult
for farms to gather, and on-farm research contributes an
important practical perspective missed by many laboratory run
experiments.

With watershed flows from JoFlow, TP, SRP, and TSS load
accumulations were then calculated from Equation (2).

Load Accumulation = CoutQout − CinQin (2)

where Load Accumulation is in g/day, Cout and Cin are
concentrations flowing out of and into the system, respectively
(g/L), and Qout and Qin are volumetric flows at the outlet and
inlet, respectively (L/day).

The relationship between flow and loading was plotted to
visually determine changes in loading between pre- and post-
BMP samples across flow rates. A simple linear regression

was fit to the data, and intercepts and slopes compared to
address differences between conditions. All linear models were
preformed on log-transformed data.

RESULTS

Discharge Results
The calibrated JoFlow parameters are shown in Table 1. These
parameters were the only parameters modified from default
parameters outlined by Archibald et al. (2014). NSE calibration
points are shown in Figure 2 with corresponding modeled and
observed flows. After calibration, stream flow is modeled for
entire study duration along with soil water and snow water
equivalent (Figure 3).

According to Moriasi et al. (2007), an NSE value above 0.7
is accepted to fit the observed values well. Our NSE value of
0.82 allows us to be confident in the simulated flow values.
Simulated flow is then used to calculate TP, SRP, and TSS load
accumulations.

Water Quality Results
Concentrations
SRP concentrations at the outlet after BMP implementation were
not significantly different than pre-BMP conditions (Figure 4A,
p-value= 0.48). Pre-BMP SRP concentrations ranged from 0.025
to 0.287 mg/L. The SRP concentrations in the post-BMP period
were between 0.012 and 0.786 mg/L. Median SRP concentration
values at the watershed outlet are 0.07 mg/L and 0.08 mg/L for
pre- and post-BMP respectively. All water quality results are
summarized in Table 2.

TP concentrations after BMP implementation were
significantly lower than pre-BMP conditions at the outlet,
0.022–2.06 mg/L before BMP construction and 0.024–1.27 mg/L
after (Figure 4B, p-value < 0.001). Median TP concentration
values at the watershed outlet are 0.42 and 0.14 mg/L for pre-
and post-BMP respectively.

Outlet TSS concentration values ranged from 2.0 to 814.0
mg/L and 1.1 to 21.0 mg/L for pre- and post-BMP respectively.
The median values at the outlet were 27 and 3.4 mg/L for pre
and post-BMP samples respectively, demonstrating a significant
reduction in TSS (Figure 4C, p-value < 0.001)

Inlet concentrations of SRP ranged from 0.030 to 0.082
mg/L for pre-BMP samples and 0.002 to 0.79 for post-BMP
samples. TP concentrations ranged from 0.017 to 6.09 mg/L
for inlet samples from pre-BMP samples and 0.024 to 0.365
mg/L for post BMP samples. Both TP and SRP differences at
the inlet were significant (p-value = 0.038 and 0.031 for SRP
and TP, respectively). TSS concentrations ranged from 2.0 to 290
mg/L pre-BMP construction and 1.2 to 1,096 mg/L post-BMP
construction, andwere not significantly different at the watershed
inlet (Figure 4C, p-value= 0.749). Median TSS concentrations at
the inlet were 8.0 and 5.2 mg/L for pre- and post-BMP samples
respectively. Due to fluctuations in inflowing P between pre- and
post-BMP sampling, load accumulations (g/day) were calculated
as a metric of buffer effectiveness in stream P reduction.
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FIGURE 2 | (A) Observed and simulated flow values (mm/d) (points and lines, respectively) over study duration. (B) represents the relationship between observed to

simulated flow on a log-log plot to ensure the model fits well for the more frequent low flow scenarios. The line shown is the 1 to 1 line between simulated and

observed flows. NSE = 0.82.

FIGURE 3 | Daily precipitation data (A) used to model SWE (snow water equivalent) (B), ET (evapotranspiration) (C), soil water (D), and discharge (E). All plots include

both pre- and post-BMP sampling regimes. Pre-BMP sampling occurred 2014–2015, post-BMP sampling corresponds to 2017–2018.
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FIGURE 4 | SRP (A), TP (B) concentrations, and TSS (C) observed at stream inlets and outlets. TP and TSS concentrations are significantly different (as indicated by

an asterisk, *), but SRP concentrations are unchanged. N = 51 for pre-BMP samples and n = 27 for post-BMP samples.

TABLE 2 | Summary statistics for concentrations and accumulated loads for TP, SRP, and TSS; p-values refer to significance in change of observed value between pre

and post-BMP samples.

Sample location Pre or post BMP Mean Median Standard deviation P-value

Inlet SRP (mg/L) Pre 0.0393 0.0360 0.0215 0.039*

Post 0.0689 0.0202 0.1780

Inlet TP (mg/L) Pre 0.5895 0.2660 1.3103 0.031*

Post 0.1189 0.0786 0.1007

Inlet TSS (mg/L) Pre 38.3765 8.0 73.9192 0.749

Post 83.3901 5.2 245.5122

Outlet SRP (mg/L) Pre 0.0950 0.0775 0.0577 0.489

Post 0.1889 0.0868 0.2282

Outlet TP (mg/L) Pre 0.5294 0.4207 0.5048 <0.001*

Post 0.2103 0.1402 0.2741

Outlet TSS (mg/L) Pre 70.9313 27.0 154.0879 <0.001*

Post 2.3304 3.4 19.5008 NA

Pond point source SRP (mg/L) Pre 0.4484 0.2200 0.6496 0.067

Post 0.5731 0.3869 0.4612

Pond point source TP (mg/L) Pre 1.1904 0.9590 0.8390 0.343

Post 1.0012 0.8384 0.7923

Tile point source SRP (mg/L) Pre 0.4804 0.3600 0.4131 0.601

Post 0.5299 0.3958 0.7023

Tile point source TP (mg/L) Pre 1.2698 1.1912 1.3499 0.012*

Post 0.6704 0.5660 0.4794

Cow point source SRP (mg/L) Post 0.1503 0.0476 0.2922

Cow point source TP (mg/L) Post 0.2304 0.2527 0.0520

TSS Load Accumulation (g/day) Pre 28,000 10,000 35,000 <0.001*

Post 2000 700 18,000

SRP Load Accumulation (g/day) Pre 94 61 104 0.396

Post 291 28 482

TP Load Accumulation (g/day) Pre 368 242 454 0.034*

Post 272 47 652

Absence of p-value for cow point source indicates this location was not sampled pre-BMP. Asterisks indicate statistical significance between pre and post-BMP samples at the same

location.
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FIGURE 5 | Soluble reactive phosphorus (A), total phosphorus (B), and total suspended solids (C) loading accumulated across the site before and after the cattle

excluded buffer was in place. TP and TSS accumulations are significantly different (as indicated by an asterisk, *), but SRP accumulation is unchanged. N = 25 for

pre-BMP samples and n = 24 for post-BMP samples. A negative load accumulation indicates reduction of P or TSS load over the course of the reach.

Load Accumulations
Phosphorus loading analyses are meant to eliminate the effect of
yearly variations in flow (i.e., weather) that could obscure the
impact of the BMP on P loads at the outlet. The TP and TSS
load accumulations over the course of the reach are significantly
reduced after the installation of the cattle-excluded buffer (p-
values of <0.001 and 0.033, respectively). However, the SRP
load accumulation reduction is not significant (p-value = 0.396;
Figure 5). Because particulate P is a large component of TP,
the reduction in TSS likely accounts for a large part of the
TP reduction. The median load accumulations for TP are 242
and 47 g/day for pre- and post-BMP respectively. Median load
accumulations for SRP are 61 and 28 g/day for pre- and post-
BMP respectively. Median TSS load accumulations are 10 and
0.6 kg/day for pre- and post-BMP respectively. The variation
in the data is also reduced in both TP and TSS from pre to
post-BMP indicating a more predictable P dynamic after the
BMP implementation. However, SRP again departs from the TP
and TSS trend and shows an increase in variation post-BMP
(Table 2).

High Phosphorus Sources
Three point sources were identified along the stream reach as
significant P sources: two observed in both the pre- and post-
BMP periods, and one in only the post-BMP period. The pond
effluent point source (Figure 6) discharges from the in series
ponds intended to treat intercepted manure pit overflow while
the tile drain collects subsurface flow and directs it to the
stream. This point source discharges downstream of our outlet
sample, but is included here as an example of a point source
that frequently contaminates agricultural streams. The cow point
source is flow from a cow-generated saturated area (currently
outside of the buffer area) that short circuits the riparian buffer.
Post-BMP samples from all three sources were higher in TP and

SRP than the inlet, the other major direct input to the stream
(Figure 6). Median concentrations for the point sources and inlet
SRP concentrations were 0.38, 0.39, 0.04, and 0.02 mg/L for
point sources from the pond, tile drain, cow-generated saturated
area and inlet respectively. Median concentrations for the point
sources and inlet TP concentrations were 0.83, 0.56, 0.25, and
0.07 mg/L. Data shown are concentrations rather than loads due
to the difficulty in estimating discharge from these sources.

Pre- and post-BMP point source comparisons for the pond
and tile drain (Figure 7) indicate SRP concentrations decreased,
though not significantly, in the pond (Figure 7, p-value= 0.067),
while the tile drain did not experience a reduction in SRP
(Figure 7, p-value=0.601). The reduction in SRP from the pond
effluent indicates that pond renovations may have helped reduce
P from the farm, but the tile drain continues to discharge highly
polluted water directly into the stream.

The cow-generated point source was generated post-BMP
and does not have pre-BMP monitoring data. Median SRP
concentrations for pre- and post-BMP pond point source are 0.22
and 0.38 mg/L respectively, and median SRP concentrations for
pre- and post-BMP tile drain point source are 0.36 and 0.40 mg/L
respectively.

Total phosphorus is not reduced when comparing pre- and
post-BMP concentrations at the pond point source (p-value =

0.343). Median TP values for the pond point source are 0.96 and
0.84 mg/L respectively for pre- and post-BMP. However, total
phosphorus is reduced at the tile drain point source (p-value =
0.011). Median TP values at the tile drain point source are 1.19
and 0.57 mg/L for pre- and post-BMP respectively.

Anecdotally, the discharge volume was greater in the tile
drain than the pond effluent. The pond effluent was nearly
zero for much of the summer during post-BMP monitoring and
was dry for the summer during pre-BMP monitoring. The tile
drain flowed continuously during both monitoring periods. The
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FIGURE 6 | Post-BMP SRP (A) and TP (B) concentrations from point sources along the stream reach. Statistical difference is noted by “A’ and “B” above (all TP data

p-values < 0.01). Point sources came from pond effluent (Pond, n = 29), a tile drain (Tile, n = 27), and a cow-generated saturated area (Cow, n = 8). Inlet is included

for reference (n = 24).

cow-impacted saturated area likely generated the least amount
of runoff over the study period. This would indicate that the
tile drain may have the largest impact on P accumulation over
the reach, the pond effluent an intermediate impact, and the
cow impacted area the smallest impact when considering load
in addition to concentration. Of the three sources, the tile drain
appears to have impacted the P accumulation over the reach the
most.

There were 2 additional flow sources to the system, one from
a forested wetland and one from a perennially wet spot at the
toe-slope of a hill. None of these sources were not significantly
different from the inlet when comparing SRP (all p-values >

0.3). The springs were sampled 24 times each in the post-BMP
monitoring period. These springs were not taken to be the
inlet samples because occasionally cows were pastured further
upstream. All sources but one were not significantly different
when considering TP (all p-values< 0.1). The one source that was
different (p-value = 0.03) flowed from a forested wetland with
TSS comprising mostly of organic matter. This organic matter
settled out before mixing with the main stem, and therefore did
not influence total stream phosphorus dynamics significantly.

Load Accumulation Across Discharges
The relationships between load and flow for TP, SRP, and TSS are
not the same when comparing pre- and post-BMP data. TP and
TSS load accumulations post-BMP are reduced in comparison
with pre-BMP load accumulations. However, like concentration
and load, we do not see a difference in the management practice
in its effect on SRP as a function of discharge.

The cattle excluded riparian buffer appears to have the largest
influence on TP and TSS loads at low flows, while at high

FIGURE 7 | Point source SRP (A) and TP (B) concentrations pre- and

post-BMP installation. Pond and Tile correspond with Pond and Tile sources

from Figure 6. Statistical differences are noted by an asterisk (*). N = 24, 28

for pre- and post-BMP samples at source 1. N = 24, 28 for pre- and

post-BMP samples taken from Source 2, respectively.

flows the impact of the buffer is reduced (Figures 8A,C). SRP
appears to have no significant change as a result of the buffer
system (Figure 8B). The equations for the regression lines in
Figure 8 are in Table 3 with the associated errors of each
estimate.
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FIGURE 8 | SRP (A), TP (B), TSS (C) load accumulations over the reach are plotted against discharge on a log-log scale. Pre-BMP accumulations are plotted in red

while post-BMP accumulations are plotted in blue. Points represent observed accumulations while lines represent the simple linear regression model for the data.

Gray shaded zones represent error associated with the best-fit lines for each time period. Table 3 outlines statistics of the linear regressions.

TABLE 3 | Coefficients of regression lines in Figure 8 (log-transformed

relationships).

Pre or

post-BMP

b S.E.

(b)

M S.E.

(m)

R2

Q vs. TP Pre −7.03 2.11 0.92 0.16 0.66

Post −3.70 1.94 1.13 0.15 0.79

Q vs. SRP Pre −9.55 1.49 1.00 0.11 0.81

Post −11.01 2.59 1.13 0.20 0.65

Q vs. TSS Pre −1.63 2.82 0.82 0.21 0.47

Post −7.17 2.29 1.10 0.17 0.74

Y-intercept is given by “b” and slope is given by “m.” S.E. (b) and S.E. (m) refer to standard

error in the estimates of b and m respectively.

DISCUSSION

In all concentration and load comparisons, TP was significantly
reduced with the addition of the cattle exclusion area. This
observation follows those results found by several previous
studies (e.g., McKergow et al., 2003; Miller et al., 2010; Shukla
et al., 2011). The observed reduction in inflowing TP could
have several explanations: (1) direct P input and sediment
suspension is reduced by the limited cow access to upland
streams and riparian areas, (2) mobile P and sediment is
trapped by riparian buffer sediments and/or via chemically- and
biologically-mediated processes, before reaching the stream. The
reduction in TSS loading post-BMP implementation, suggests

that either or both mechanisms are present. However, if these
two factors were the only factors controlling stream P, we
would expect SRP to be reduced as well. Our observation of
minimal impact on SRP follows the results Hoffmann et al.
(2009) and Makin et al. (2007). Non-significant reduction in
SRP may suggest that the source has not been completely
addressed by the cattle exclusion area. For example, there could
be accumulated P in the soils that continues to be slowly released
over time, thus, mitigating the BMPs immediate impact on
SRP.

A legacy problem is presented by soils with high P contents,
as are common in this area (Ketterings et al., 2005). Legacy
pollution issues arise when a certain pollutant has saturated or
highly contaminated an area, such that it continues to provide
pollution to the system after the incoming pollution source has
stopped or been reduced. Desorption of soluble P accumulated
in sediments into overland flow may continue for years beyond
BMP construction (Sharpley et al., 2013). The reach load
accumulations observed in this study were collected in the year
following buffer implementation, but if legacy contamination is
contributing SRP at this site, we expect the load to diminish with
time.

Desorption of SRP from enriched soils could explain our
non-significant drop in stream SRP, but in the absence of soil
P measurements, we cannot conclude its influence on stream
SRP relative to the point sources. Yet, we stress that our findings
demonstrate stream SRP is less influenced by the installation of
riparian buffer cattle exclusions than is stream TP. Care should
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be exercised in concluding when and what water quality impact
this BMP will have on a specific site.

We observed several point sources with high concentrations
of SRP of water entering the stream. The riparian zone
is short-circuited by the flow of point source 3 (Figure 6),
bypassing the biological or physical processes expected to
occur in the riparian buffer (e.g., Schultz et al., 1995).
Additionally, ponded water at the edge of the pasture short-
circuited the buffers in a concentrated flow paths, discharging
directly to the stream. Areas where short circuiting occurred
were likely wetter than average due to their relative low
position in the landscape and the heavy traffic of cows, which,
in combination, reduced vegetation growth and infiltration
capacity in these areas and created wet spots that expanded
through the season, similar to observations of Nguyen et al.
(1998).

Our monitoring after cattle exclusion buffer area installation
revealed management issues that we suspect reduce the water
quality gains of the riparian buffer. First, the continued, albeit
unpredictable, presence of cows inside the fenced riparian
area could slow observed impact of the riparian area. Of
the 27 times this site was sampled after the installation of
the exclusion fences, cows were found 5 times within the
cow-exclusion area. No significant spikes in stream P levels
accompanied these cow entrances when comparing days that the
cows gained entrance to the stream and those in which they
were successfully excluded. Inside the cow-exclusion area, the
cows likely trample riparian vegetation, re-suspend sediment,
and potentially directly defecate into the stream. Despite
suspected negative impacts of cow entry into cattle-excluded
buffer areas, we still calculate significant TP and TSS load
reductions.

We expect that a wetter climate leads to more frequently
saturated soils and greater nutrient runoff (Walter et al.,
2000). Therefore, because post-BMP monitoring occurred
in a wetter year compared to pre-BMP monitoring, it is
possible that when assessing yearly loads the practice would
demonstrate greater water quality gains across two monitoring
periods with similar rainfall (in the case of this study, 2014–
2015).

Another issue observed pertaining to reduced effectiveness
of the cow exclusion area was the concentrated flow path
generated from new saturated areas within the cow pastures,
through the riparian buffers, and into the stream (e.g., point
source 3). Other studies (e.g., Pankau et al., 2012) have made
similar observations in cropped landscapes, indicating the
dynamic management of riparian buffers is critical for their
intended functionality. Changes in microtopography due to
cattle traffic around fences and water sources were observed
in this study. The cow-generated saturated areas (origins of
concentrated flow paths) grew in area over the duration of
the sampling period in 2017. Cows repeatedly trampled wet
areas, expanding the saturated zones over time and likely
reducing infiltration capacity through compaction (Nguyen
et al., 1998). These areas tended to be near gates and walk
ways, though they were also in shadier, moister, lowland areas
that may have attracted cows during hot summer months. In

order for the cattle-excluded riparian buffer to be maximally
effective, exclusion areas need to be adjusted to include
new areas likely to be saturated and those that arise. We
recognize the logistical difficulty of modifying fence positions
with traditional fencing methods. Solutions to this issue may
include a combination of more frequent pasture rotation and
movable fencing. Without inclusion of these saturated areas
into cattle-excluded riparian buffer areas pollutants essentially
become connected to the stream via preferential overland flow
paths.

The final issue brought forth by this study, is that point
sources of P that may be contributing significant loads to the
system are not solved by cattle-excluded buffers. The tile-drain
with high SRP discharge concentrations into the stream supports
previous research on P transport in subsurface water flow (King
et al., 2015), and should be considered when assessing farm
scale nutrient management. In order to significantly reduce all
loads to the surface water system, these point sources need to
be assessed for their potential interactions (or lack there of) with
BMPs.

Limitations
As is the nature of on-farm research, there are a multitude of
factors that impede the generalizability of the results. We believe
that on-farm sampling encountersmany of the obstacles seen, but
not researched, in farm management, and tells the broader story
of BMPs in the landscape.

Because the precipitation conditions of the pre-BMP sampling
period were drier than post-BMP monitoring period, we will
not make an estimate of percent reduction that occurred as a
result of the cattle exclusion riparian buffer. We anticipate that
the actual reduction in phosphorus load accumulation would be
greater when comparing post-BMP to pre-BMP, if our sampling
periods shared the same precipitation conditions (Dougherty
et al., 2004).

Point source discharges were monitored neither during pre-
nor post-BMP monitoring periods due to rapid, and sometimes
transient, generation of some of these points and difficulty in
modeling source areas. To assess the total impact of the buffer
versus these point sources, we needed to calculate P loads,
which require discharges measurements for the duration of
the experiment. Similarly, soil P observations, which we did
not collect, could be used to parse the impact of the direct
effect of cows in stream from the pollution caused by enriched
soils. Regular soil P measurements over time could be useful in
projecting when legacy P contamination will end.

Because grab samples did not capture storm events, these
data should not be used to generate yearly averages with and
without riparian buffer cattle exclusions. Our study objective was
to assess buffer reduction on reach P and TSS during conditions
the buffer would be anticipated to have the greatest effectiveness,
i.e., moderate to low flow events (Meals and Hopkins, 2002).

CONCLUSION

In spite of the mixed water quality results, we continue to support
the implementation of cattle-excluded riparian buffers. Although
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we found a lack of a significant reduction of SRP with the
implementation of a cattle-excluded riparian buffer, this does not
preclude the BMP from having a positive environmental benefit.
We hypothesize that the reduction in TP will, over longer time
scales, reduce SRP additions to the system from desorption from
suspended sediments.

The construction of a riparian buffer cattle exclusion at this
site showed significant reduction in TP and TSS even with the
discovery of new, and unmitigated, point sources. Controlling
for hydrologic patterns and landscape manipulations, this BMP
could demonstrate even higher reductions of phosphorus loads.
We have chosen to include the point source additions in our
analysis to more accurately capture farm dynamics.

Buffers provide benefits beyond water quality including
wildlife habitat and stream shading. The sediment reductions
observed at this site are important to the health of this
agricultural watershed. Reducing the transport of sediment-
bound P is important for downstream lakes where P can later
desorb and contribute to prolong eutrophic conditions via
internal P cycling within lakes.

It is important to be aware of the additional, unmitigated
sources of SRP on grazed pastures. To increase the water quality
benefit, we recommend including the following in conjunction
with the implementation of a cattle exclusion riparian buffer:
(1) identify point sources along the reach, and work to reduce
nutrient loads from those sources as well, (2) extend the buffered
area to include likely variable source areas that create preferential
flowpaths through the buffer, and (3) modify cattle exclusions as
new saturated, runoff-generating areas develop within pastures.
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