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Abstract
Rotational grazing (RG) is a livestock management practice that rotates grazing cattle on a scale of hours to days
among small pastures termed paddocks. It may beneficially affect stream channels, relative to other livestock
management practices. Such effects and other beneficial effects on hydrology are important to RG’s potential to provide
a highly multifunctional mode of livestock farming. Previous comparisons of effects of RG and confinement dairy (CD)
on adjoining streams have been restricted in scale and scope. We examined 11 stream-channel characteristics on
a representative sample of 37 small dairy farms that used either RG or CD production methods. Our objectives were:
(1) to compare channel characteristics on RG and CD farms, as these production methods are implemented in practice,
in New York, Pennsylvania and Wisconsin, USA; and (2) to examine land use on these farms that may affect stream-
channel characteristics. To help interpret channel characteristic findings, we examined on-farm land use in riparian areas
50m in width along both sides of stream reaches and whole-farm land use. In all states, stream-channel characteristics on
RG and CD farms did not differ. Whole-farm land use differed significantly between farm types; CD farms allocated
more land to annual row crops, whereas RG farms allocatedmore land to pasture and grassland. However, land cover in
50m riparian areas was not different between farm types within states; in particular, many RG and CD farms had
continuously grazed pastures in riparian areas, typically occupied by juvenile and non-lactating cows, which may have
contributed sediment and nutrients to streams. This similarity in riparian management practices may explain the
observed similarity of farm types with respect to stream-channel characteristics. To realize the potential benefits of RG
on streams, best management practices that affect stream-channel characteristics, such as protection of riparian areas,
may improve aggregate effects of RG on stream quality and also enhance other environment, economic and social
benefits of RG.
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Introduction

Multifunctional agriculture (MFA) extends the concept of
agricultural production beyond commodities, encompass-
ing additional benefits in social, economic and ecological
terms1. One promising form of MFA is rotational grazing
(RG)2, a livestock production system that rotates cattle on
a scale of hours to days among multiple small pastures.
RG dairy farming has been shown to be profitable at
relatively small scales and low capital costs3. However,

broad evaluations of the multifunctionality of RG dairy
farms—i.e., the quantity and quality of ecosystem services
provided by these farms—have been limited in scale and
scope. To help fill this gap, we examined the effect of RG
dairy farming on stream-channel characteristics in small
dairy farms (herds of ≤300 milk cows) in the Eastern and
Midwestern USA.
RG may beneficially affect stream channels through

increased pasture area, reduced animal density on
pastures4,5, and less allocation of land to annual crop
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and forage cultivation. Annual crop production increases
erosion of fine soil particles caused by direct exposure to
rain and runoff even with minimum tillage6. Tilled fields
are especially prone to erosion prior to germination and
sprouting in spring7. Forage production, although less
intensive than row crops, exposes disturbed soils to
erosion during forage establishment and after harvest.
RG pastures along stream channels have been found to
reduce runoff, stream bank erosion, sediment delivery
and nutrient inputs, compared to riparian pastures along
stream channels on confinement dairy (CD) farms, which
tend to use pastures for animal resting areas rather than for
nutrition8–19. Moreover, RG systems may feature exten-
sive implementation of additional management practices
that protect streams, such as fencing to exclude animals
from streams and vegetative buffer strips along streams,
which may result in increased substrate size and reduced
sediment depth, embeddedness and bank erosion20.
Previous studies of the effects ofRGon streams inNorth

America focused on the riparian area along reaches that
were grazed, rather than examining effects of grazing
operations—and accompanying land-use patterns—at
whole-farm scales. We were particularly interested in
making a close and holistic examination of land use and
land cover in a representative sample ofRG farms, tomore
fullyassess the valueofRGfor soil andwater conservation.
Such close examination is needed since self-described RG
dairy farms use a wide range of management practices21.
Also, previous studies have addressed a limited

geographic range. To help fill these knowledge gaps, we
examined stream conditions and whole-farm land-use
patterns across a broader geographic range than previous
studies. Previous work has emphasized catchments in
the Driftless Area Ecoregion (Iowa, Minnesota and
Wisconsin)12,15, but others have examined catchments in
different regions16,17. Olness et al.8 evaluated grazing in
four rangeland catchments in central Oklahoma, and
Bishop et al.13 studied a paired catchment on a single farm
in upstate New York. Haan et al.14 evaluated several
pastures in the same catchment in Iowa. In addition to
the limited spatial scale of these evaluations, many of the
streams flow through karst topography.
Our goal was to evaluate stream-channel characteristics

on small dairy farms that used either RG or CD pro-
duction methods. Our study design incorporated a broad
geographic scale that encompassed differences in sub-
strate type, hydrology and shape of streams, reflecting
regional climate and geology, as previous evaluations
have provided limited insights into such regional effects.
Specifically, we (1) compared channel characteristics on
RG and CD farms in New York, Pennsylvania and
Wisconsin, USA, on first- to third-order streams; and (2)
examined land use on these farms that may affect stream-
channel characteristics. We examined on-farm land use
in riparian areas 50m wide along both sides of stream
reaches, a scale most often investigated, which can
have a profound influence on channel morphology22–27.

We examined farms across a broad geographical range
because stream-channel characteristics are affected
by management and land-use decisions made at regional
scales1,28–35. Consequently, the effect of RG on hydrology
and stream-channel characteristics may vary regionally
because of different management practices and interac-
tions with regional climate and geology.

Study Region and Sampling

We assessed stream-channel characteristics associated
with dairy farms in three states of the USA: New York,
Pennsylvania and Wisconsin. In each state, we selected
a study region comprised of counties with relatively high
levels of dairy production, and obtained dairy producer
address lists for each region from the US Department of
Agriculture. We mailed invitations to participate in the
study to 684 farm families. Based on the initial willingness
to participate and responses on basic farm characteristics
such as acreage, size of herd and mode of production
(RG and CD), we purposively selected a subset of self-
reporting RG and CD farms with herds of ≤300 milk cows
(which characterize the vast majority of dairy producers)
and contacted these farmers by phone to confirm their
participation. All RG farms had been practicing RG for
at least 5 years; additional details of sampling are reported
in Nelson et al.36.
We spent approximately 1 day on each selected

farm, interviewing farmers, as well as sampling physical
characteristics of streams, bird biodiversity and land use
(additional information on project methods is available
in19). In total, we examined stream characteristics on 37
farms. This is a subset of the total project sample of 53
dairy farms. We did not collect stream information for
certain farms, as 11 farms did not have streams, and
channel datasets were incomplete for five other farms,
e.g., due to sampling interrupted by thunderstorms.
We gathered these data in May through August 2009. All
counties had a high density of dairy production but
differed in the physical landscape and cultural history. In
Wisconsin, the study region inClarkeCounty is a relatively
flat agricultural landscape; there was essentially no RG
in the county until 15years ago; there are now dozens of
grazing operations in the county. The Pennsylvania region
in Berks, Lancaster, Lebanon and York counties features
rolling hills, river valleys andwooded areas.Many of these
counties include communities of Amish and Mennonite
farmers. In New York, the study region in Cortland,
Madison and Tompkins counties is very hilly, character-
ized by wooded ridge tops and with streams in valleys.
We categorized each farm as CD or RG, after

determining cow diets used in each operation. On CD
farms, cows may engage in occasional grazing, e.g.,
in pastures used as resting and exercise areas, but this
grazing provides only a very minor part of the herd’s
nutrition; rather CD cows were typically fed hay or corn
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silage, grains and/or total mixed rations in a barn and, if
pastured, were not moved between different paddocks. In
contrast, all grazing farms provided substantial fractions
of the milking herds’ total nutrition from pasture, e.g.,
kept on pasture during the grazing season, and, during
structured interviews, the farmers discussed grazing
operations as central to cow nutrition and described
actively managing pasture soils and/or vegetation for
grazing. Herd size and stocking rate for each study farm
are tabulated in Appendix I.

Stream-channel characteristics

As noted, we examined stream characteristics and
related attributes on 37 farms. Study streams were small,
primarily first- (16) and second-order (14) systems, but
there were seven third-order streams: three in New York,
one in Pennsylvania and three inWisconsin. All but one of
the third-order streams were ≤10m wetted width. None
of the streams appeared to be channelized in aerial
photographs. We selected stream reaches that had a
minimum length of 150m to a maximum of 390m where
the length of a reach was 35 times the mean wetted width
of the stream37. Only one-third of the study reaches passed
through a pasture; of these, seven pastures were RG and
five were CD. Other stream reaches were adjacent to other
land-use types, e.g., wooded areas; of these, 18 were CD
and seven were RG. In all cases the study reach was at
or near (*100m) the downstream boundary of the farm
property. In total, we examined streams on 37 dairy farms:
12 (5 RG and 7 CD) in New York, 13 (5 RG and 8 CD)
in Pennsylvania and 12 (4 RG and 8 CD) in Wisconsin.
Eleven variables were used to quantify the stream

channels: bank erosion, bedded sediment, canopy cover,
the coefficient of variation (CV) of depth, CV of width, the
50th and 84th percentile (D50 and D84) of the size of 200
particles on the streambed, embeddedness, habitat,
Pfankuch stability index (PSI38) and soil compaction.
Bank erosion, bedded sediment, D50, D84, embeddedness,
PSI and soil compaction are related to sediment delivery
and physical integrity of streams39. CV of depth, CV of
width and habitat40 are the measures of habitat diversity
and may be affected by extensive grazing41, and are
associated with aquatic invertebrate and fish biotic
integrity22,42. Canopy cover is a measure of trees and
shrubs in the riparian area, and is a surrogate for shading,
which moderates water temperature22.
Each of these stream-channel characteristics were

measured or visually estimated in each study reach,
along ten equally spaced transects unless otherwise noted.
Wetted width was measured perpendicular to flow at each
transect. Water depth was measured five times along
each transect with a calibrated wading rod. The amount of
fine particles in the streambed was visually estimated as
embeddedness for ten rocks/particles along each transect:
0% (completely free of sediment), 25% (the bottom
embedded in sediment), 50% (half embedded), 75% (all

but top embedded) or 100% (completely covered). Soil
compaction was measured 1m upland from the top of
each bank for each transect, with a Dickey John soil
compaction tester with a probe length of 76cm and a
pressure range from 0 to 1465kgcm−2. Bank erosion was
visually estimated as the percent exposed soil on the
streambank in an area 1m wide on each side of a transect
from the water surface to the top of the streambank.
Canopy cover was estimated to the nearest 10% at each
transect as the amount of shade on the stream surface with
the sun directly above. Particle size for 200 particles in the
streambed was estimated by conducting aWolman Pebble
Count43 following a zigzag pattern. We determined the
depth of penetration of a 2.5m copper rod into the
streambed (bedded sediment) along transects in pools
using a modified approach of Lisle and Hilton44 and
Walser and Bart45 as described in Magner et al.15. We
calculated the mean for each variable for each stream
reach, except for particle size, for which we calculated D50

and D84 of the 200 pebbles. The CV was calculated for
width (CV of width) and depth (CV of depth) measure-
ments. Two qualitative indices, the PSI and habitat score,
were generated for each reach. PSI is a measure of bank
stability and ranges from 38 to 150, with low scores
indicating higher stability. The habitat score with a
maximum of 100 is modified from the Ohio Qualitative
Habitat Evaluation Index46 and provides an overall
assessment of habitat quality. Selected stream attributes
for each study farm are tabulated in Appendix II.

Land cover

Land use/land cover was evaluated on two spatial scales:
a 50m wide riparian area along the study reach, and the
entire area of the farm. Land use in the riparian area was
determined from the US Geological Survey National
Hydrography Dataset. We used the 2009 US Department
of Agriculture’s National Agriculture Statistics Service
(NASS) Cropland Data Layer to quantify the percentage
of each land cover in the riparian area and for the entire
farm prior to analysis. Land cover was calculated at the
scale of 3136m2 pixels corresponding to the minimum
mapping unit of the NASS data. Land-use categories were
grouped into the following: row crops, pasture (includes
grassland), hay (includes alfalfa), wooded (includes
shrubs), water, wetland and developed (includes urban
areas, farmsteads and roads: impervious surfaces). All
land-use designations from spatial databases were
ground-truthed during our on-farm visits and corrected
as necessary. Selected land-cover information is tabulated
for each study farm in Appendix III.

Data Analyses

We examined whether stream-channel characteristics and
land cover at the farm scale were similar for farm type
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with multi-response permutation procedures (MRPP) in
PC-ORD version 547, using the Sorensen (Bray–Curtis)
distance measure and the n/sum(n) weighting method for
groups. At the 50m riparian scale, we compared only
three land cover types (pasture, row crops and hay/alfalfa)
with MRPP using a Euclidean distance measure. These
cover types were used at this scale because they are well-
studied relative to riparian areas and are indicative of
grazing systems. Comparisons using farm type as the
grouping variable were performed across and within
states. Prior to analysis, soil compaction, D50, D84, PSI
and Habitat were log transformed and the percent canopy
cover and percent embeddedness were arcsine-square root
transformed prior to non-metric multidimensional scaling
(NMS) analysis.
Comparisons for stream-channel characteristics, ri-

parian land use and land cover across states by farm
type were evaluated with Kruskal–Wallis rank sum tests
in R48. Comparisons of stream-channel characteristics
and land cover within states by farm type were evaluated
with Mann–Whitney U-tests in R. Statistical analyses
were considered significant after Bonferroni correction
for analyses across all sites, specifically, for all compar-
isons across states for RG and CD farms (P=0.017), for
stream characteristics within states between farm types
(P=0.005), for riparian buffer land use (P=0.17) and for
farm-scale comparisons (P=0.007).
We used NMS with PC-ORD version 549 to ordinate

stream-channel characteristics and land use and evaluate
how farm types were distributed within the ordinations.
NMS is well suited to ecological data that are non-normal
and avoids the assumption of linear relationships between
variables49. We report the proportion of variance
represented by each axis, which is based on the r2 between
the distance in ordination space and the distance in the
original space. Distance matrices were calculated using
Sorensen (Bray–Curtis) distance measures. A random
starting point was used and 50 runs were performed with
random and real data. Six dimensions were considered
and the number was reduced through iteration to optimize
the stress of the final configuration. A final stress <10
indicates little risk in making inferences from the solution
of the ordination, whereas interpretation with a final stress
may be misleading as values near 20 for an ordination50.
As for the MRPP, only three land covers were evaluated
for the 50m riparian area. Stream-channel characteristics
and land-cover variables were correlated with the axes of
the ordination and correlation coefficients ≥ r=0.5 were
considered significant.

Results

Effect of rotational grazing and confinement
dairy on channel characteristics

Taken as a whole, stream-channel characteristics were
different neither between farm types across states

(A=0.001, P=0.350), nor between farm types in any
state (multivariate MRPP test: New York A=0.016,
P=0.286; Pennsylvania A=0.012, P=0.303; Wisconsin
A=0.034, P=0.176). There were also no differences in
stream characteristics across states (A=0.037, P=0.056).
No stream-channel characteristics differed between RG
and CD based on the univariate Mann–Whitney U-tests
after Bonferroni correction (Table 1), thus there was no
indication that RG affected stream channels, relative to
CD.However, CVof width onRG farms was significantly
different among states (Table 1). In addition, there was
clear distinction neither betweenRG andCD farms across
states nor within states in an NMS ordination (Fig. 1).
Land cover in 50m riparian areas. Riparian land cover

in the 50m riparian area was not different between farm
types across states (multivariate MRPP test of farm type
effect: New York A=0.045, P=0.112; Pennsylvania
A=0.060, P=0.132; Wisconsin A=−0.043, P=0.683)
and Mann–Whitney U-tests. Within farm types, land-use
patterns were largely consistent among states, except for
the percentage of land in alfalfa/hay for RG farms;
however, little land was devoted to this land use in each
state (Table 2). In addition, there was clear distinction
neither between RG and CD farms across states nor
within states in an NMS ordination (Fig. 2).
We found that a substantial number of farms of both

types allocated land within the 50m riparian area to
continuously grazed pasture, although the sample size is
too small for statistical testing. In New York, two RG
farms allocated an average of 3.5ha (±0.18 SE) per farm
to these pastures, whereas three CD farms allocated 3.1ha
(±0.35); corresponding farm numbers and means for
Pennsylvania were three RG farms with 5.2ha (±0.10),
and five CD farms with 6.5ha (±0.08), and forWisconsin,
there were four RG farms with 5.7ha (±0.32) and three
CD farms with 7.6ha (±0.63). Thus, across states, farm
types were similar in allocation of riparian area to
continuous grazing, which may expose streams to higher
rates of sediment and nutrient loading in comparison to
rotational grazing.
Land cover on farms and catchments. As expected, land

cover on farms was significantly different between farm
types in all three states; (multivariate MRPP test of farm
type effect: New York A=0.13, P=0.008; Pennsylvania
A=0.241, P<0.001: Wisconsin A=0.117, P=0.013),
likely reflecting differences in stocking density between
farm types, as well as other management factors. Pasture
areas on CD farms had a significantly higher average
stocking density [19.5 animal unitsha−1; 1 animal unit=
450kg; P≤0.005 (Kruskal–Wallis test)] than RG farms
(4 animal unitsha−1). The percentage of row crops was
significantly higher on CD farms in Pennsylvania,
whereas the percentage of pasture/grassland was sign-
ificantly higher on RG farms than on CD farms in all
states (Mann–Whitney U-tests; Table 3). Within each
state, we verified that RG and CD farms were situated in
comparable catchments in terms of land-cover patterns.
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Catchments were delineated with ArcHydro Tools in
ArcView v 9.1 and included only that part of the
catchment upstream of sample reaches. In all states,
there was no difference between farm types in land cover
in catchments (multivariate MRPP test of farm-type
effect: New York A=0.013, P=0.304; Pennsylvania
A=−0.035, P=0.786; Wisconsin A=−0.01, P=0.464).
Land cover on study farms was significantly different

across states for RG farms (A=0.263, P<0.001) and CD
farms (A=0.136, P<0.001) based on MRPP analyses.
Thus, within each farm type, we found that land-use
patterns differed geographically. Across RG farms,
Pennsylvania had more pasture/grassland than
New York and Wisconsin (P=0.013); and New York
had a higher percentage of wooded cover than
Pennsylvania or Wisconsin (P=0.015) based on a
Kruskal–Wallis analysis (Table 3). Across CD farms,
Pennsylvania had more row crop (P=0.011); New York
had a higher percentage of wooded cover (P=0.012); and
the percentage of wetlands was different (P=0.001),
although absolute percentages of wetlands were low
across states. In New York, the high percentages of
wooded cover on farms of both types may have limited the
effect of farm type on stream quality, as the wooded areas
may buffer streams from effects of grazing management.
These differences were apparent in an NMS ordination
whereRG farms tended to be spatially separated fromCD
farms in each state and RG farms were spatially separated
from CD farms among states (Fig. 3).
Stream-channel characteristics were also not different

within farm types across states (RG: A=0.051, P=0.161
and CD: A=0.015, P=0.276) based on MRPP analysesT
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Figure 1. NMS ordinations of 11 stream-channel
characteristics for study sites in New York, Pennsylvania and
Wisconsin. The NMS produced a two-dimensional solution.
Variables included along the axes were correlated (r>0.5) with
the ordination axes. Variance explained was 66% for axis 1
and 28% for axis 2; final stress=10.195, instability <0.00001
for 48 iterations.
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nor were there differences in stream characteristics
observed within states between RG and CD farms
(Table 1). Only CV of width (P=0.013) was significantly
different among states, based on a Kruskal–Wallis rank
sum test (Table 1).

Overview

Taken together, our findings indicated that the physical
integrity of stream-channel characteristics was similar in
RG and CD farms in this sample of 37 farms in three
contrasting regions in the Eastern and Midwestern USA.
Our findings, therefore, provide a perspective on stream-
quality effects of RG that differs from some previous
studies. Previous analyses focused on RG pasture effects
on adjacent streambank and stream conditions, whereas
our study has examined the effects of RG farms as entire
operations. These prior studies found that RG pastures in
riparian zones can have beneficial effects, compared to
CD pastures, on a variety of attributes of adjacent streams
and streambanks. Beneficial effects included reduced
stream bank erosion, sediment input and embedded-
ness8,10,11,13,19,25, reduced soil compaction and improved
bank stability15,19, reduced bank erosion17 and reduced
sediment delivery to streams14. Moreover, RG pastures
have been associated with higher levels of stream biotic
integrity51, evidently related to differences in stream-
channel characteristics in comparison to CD pastures11,52.
However, a smaller number of previous studies have not

found any beneficial effects of RG in comparison to CD
in riparian areas. Zaimes et al.16 did not find significant
differences among the three grazing practices (intensive

rotational pastures, rotational pastures and continuous
pastures), which were attributed to recent conversion of
study sites to RG practices. Webber et al.53 did not find
consistent differences in erosion rates for RG and CD
pastures; RG pastures were not found to lower NO3-N
leaching compared to CD54 and RG pastures had only
slightly lower erosion rates than CD farms18. Finally,
Lyons et al.9 and Wang et al.20 found no differences for
fish biotic integrity, and no differences in biotic integrity
of aquatic macroinvertebrates were found at RG and
CD sites15,19.
As noted, our study builds on previous work by

providing a broader perspective on the effects of RG on
stream conditions. Rather than focusing on riparian
pasture effects per se, we examined stream reaches at the
downstream edge of each farm site and on the entire area
of each farm. We were particularly concerned to observe
details of land-use, land-cover and management practices
in areas that strongly affect water resources, such as
riparian zones, and to observe these among the ‘rank and
file’ of RG operations. These operations have been shown
to vary broadly in grazing management practices21;
clearly, assessments of the conservation value of RG
need to consider such variation in RG practices.
Moreover, we examined stream conditions and whole-
farm land-use patterns across a broader geographic range
than previous studies, which have generally focused on
one or a few catchments within a particular region,
typically a US state.
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Figure 2. NMS ordination of three categories of land cover on
study farms in New York, Pennsylvania and Wisconsin. The
NMS produced a two-dimensional solution. Variables
included along each axis were correlated (r>0.5) with the
ordination axes. Variance explained was 65% for axis 1 and
25% for axis 2; final stress=9.391 and instability <0.00001 for
44 iterations.

Table 2. Mean percentage (±1 SD) for three land covers for the
50m riparian area across New York, Pennsylvania and
Wisconsin. Comparisons within states are based on Mann–
Whitney U-tests. Comparisons across states are based on
Kruskal–Wallis rank sum tests. A significant P-value after a
Bonferroni correction is P=0.017 for the Mann–Whitney
U-tests and for Kruskal–Wallis rank sum tests.

Row crop Alfalfa/hay Pasture/grass

New York
RG <1 (<1) <1 (<1) 2 (4)
CD 10 (24) 10 (14) 15 (31)
P-value 0.67 0.334 0.67

Pennsylvania
RG 0 (0) 5 (7) 81 (18)
CD 3 (4) 7 (20) 50 (42)
P-value 0.166 1 0.162

Wisconsin
RG 3 (7) 4 (6) 31 (41)
CD 3 (6) 9 (14) 18 (33)
P-value 1 0.928 0.479

Across States
RG 0.52 0.016 0.483
CD 0.979 0.173 0.972
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We found that RG andCD farms in our sample differed
in land use. RG operations allocated more land to
pastures that often have beneficial effects on adjacent
stream reaches. Increased pasture area in both riparian
and upland portions of farm landscapes, reduced stocking
density and reduced soil compaction and streambank
erosion have been demonstrated to affect stream

channels4,5,55. Although not focused on RG or CD
farms, Kuhnle et al.28 found fine sediment and sand
decreasedover 60% ina streamovera9-yearperiod, during
which the percentage of pasture or idle land increased and
cultivated land decreased, because stream discharge had
decreased, potentially because of increased infiltration.
However, the broad differences in land use and land

cover in our study did not lead to broad or consistent
differences in stream-channel quality. We found that RG
was not consistently associated with increased physical
integrity of streams and streambanks39 at the whole-farm
level. For example, we did not find positive effects of RG
on attributes such as reduced bank erosion and stream-
side soil compaction.
A number of factors may underlie our finding that RG

farms do not have consistent beneficial effects relative to
CD, when evaluated at the whole-farm level. First, the
effect of a dairy operation on stream quality will likely
depend on the details of land use and land cover in the
areas of a farm that have the strongest hydrological
connections to streams (i.e., areas with relatively high
potential for runoff of water, sediment, nutrients and
microorganisms from uplands to stream56). Indeed, land
cover in riparian areas along study streams was not
statistically different between RG and CD farms within
states, primarily because of high variance within farm
types. Importantly, both farm types had similar inci-
dences of continuously grazed pasture in riparian areas.
Such pastures, in the riparian zone, may produce
substantial sediment and nutrient inputs to streams16,
potentially negating beneficial effects of rotationally
grazed pastures in other parts of RG farms. Second,
there was a wide range of implementation approaches
to rotational grazing, and these may differ in significant
details of management practice, such as the size and

Table 3. Mean percentage (±1 SD) for seven land covers on farms across New York, Pennsylvania, and Wisconsin. Comparisons
within states are based on Mann–Whitney U-tests. Comparisons across states are based on Kruskal–Wallis rank sum tests.
A significant P-value after a Bonferroni correction is P=0.007 for the Mann–WhitneyU-tests and P=0.017 for Kruskal–Wallis rank
sum tests.

Row crop Alfalfa/hay Pasture/grass Developed Wooded Wetland Water

New York
RG 7 (7) 24 (19) 29 (10) 2 (1) 35 (12) 3 (6) <1 (<1)
CD 26 (13) 28 (1) 8 (5) 3 (1) 34 (12) 1 (2) <1 (<1)
P-value 0.023 0.432 0.005 0.251 0.876 1.000 0.804

Pennsylvania
RG 13 (13) 16 (12) 57 (22) 4 (2) 7 (9) 2 (5) <1 (<1)
CD 47 (11) 20 (14) 17 (10) 4 (2) 12 (13) <1 (<1) <1 (<1)
P-value 0.004 0.724 0.003 0.524 0.464 0.322 0.46

Wisconsin
RG 30 (9) 32 (7) 22 (3) 3 (1) 10 (5) 3 (6) <1 (<1)
CD 36 (8) 35 (14) 6 (5) 3 (2) 17 (10) 3 (4) 0 (0)
P-value 0.283 0.683 0.004 0.214 0.202 0.776 0.216

Across States
RG 0.034 0.154 0.013 0.087 0.015 0.943 0.257
CD 0.011 0.131 0.038 0.087 0.012 0.211 0.001
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Figure 3. NMS ordination of seven categories of land cover on
study farms in New York, Pennsylvania and Wisconsin. The
NMS produced a three-dimensional solution, but only the first
two axes are presented. Variables included along each axis were
correlated (r>0.5) with the ordination axes. Variance explained
was 55% for axis 1 and 24% for axis 2; final stress=5.891 and
instability <0.00001 for 120 iterations.
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location of continuous pastures or the management
of riparian areas and other critical landscape areas
that have disproportionate effects on water resources.
Notably, we did not observe the differences in streambank
condition reported in other studies.
Previous studies that observed the beneficial effects of

RG on streams adjacent to pastures may have focused on
well-managed RG farms, with less sampling of the wide
range of RG management approaches that we encoun-
tered in our study. We observed a number of instances of
management practices on RG farms that may have
reduced beneficial effects of these operations on streams,
including the continuous pasture in riparian areas noted
above. These continuous pasture areas are typically
occupied by juvenile and non-lactating cows57, and these
intensively used areas could have contributed sediment
and nutrients to streams, counteracting positive effects of
other RG pastures. Similarly, interviews with farmers
revealed that grazing on RG farms in New York occurred
in wooded areas (Jordan et al., unpublished data). This
management practice could have effects on stream
quality, as such forested sites are certainly subject to
erosion58. Grazing in wooded riparian areas, as practiced
in New York, may have increased soil compaction and
increased erosion in these areas55,59. Such deviations from
the ideals of RG practice may have strong effects on
streams that are disproportionate to the total area used
for such practices. In contrast, streams along pasture had
threefold higher fine sediment in the streambed than along
reaches with native forest in New Zealand22.
Of course, local-scale effects of isolated RG farms on

stream-channel characteristics may have been overridden
by the effects of land use and land cover on the catchment
scale. A 10% increase in upland agriculture and urban
land relative to reference conditions represented a thresh-
old for reduced surface water quality60. Habitat quality
and fish biotic integrity decreased significantly when
agricultural land use exceeded 50% in catchments in
Wisconsin61. In such catchments, implementation of RG
on scattered individual farms may not improve stream-
channel characteristics. Analogously, Goetz et al.62

suggested that riparian buffers—as provided by well-
managed RG pastures in riparian areas—cannot alone
protect a stream from degradation in areas where
impervious cover exceeds 10% or forest cover is <60%.
Such supervening catchment effects may have been
especially forceful in Pennsylvania and Wisconsin, where
all studied catchments were located in agricultural land-
scapes with considerable cultivation of annual row crops,
and delivery of soil, nutrients and runoff from these
fields may have been the predominant factor in determin-
ing stream conditions in this study. Landscapes with row
crops in riparian areas have streams that are vulnerable
to increased sedimentation, bank erosion and nutrient
loading6,28,63,64. Conversely, according to Goetz et al.62

a stream health rating of excellent required at least 65%
tree cover in the riparian zone.

Summary and Conclusions

The ability of an isolated RG operation to beneficially
affect stream-channel conditions may vary considerably
as a function of catchment-scale land use, edaphic, topo-
graphic and hydrological factors, time since implemen-
tation of RG, and biophysical attributes of streams.
Moreover, RG is being practiced in substantially
different landscapes across the Eastern and Midwestern
USA. Study farms in Wisconsin had the highest
percentage of row crops in the catchments, which may
have contributed more sediment to the streams as
indicated by higher embeddedness, bedded sediment
and smaller particles in the streambed than the other
states, because fine soils require vegetative cover to
prevent erosion. More broadly, we observed significant
among-state differences in land cover across farms that
may have also contributed to the lack of association
between RG and channel characteristics. Variation in
stream channels among states may have been related to
ecoregion and geomorphology17,65; streams in New York
were deep and narrow, often with bedrock substrate,
whereas streams in Wisconsin were often shallow with
finer particles in the streambed, and streams in
Pennsylvania were intermediate and spanned a greater
range of values.
Previous studies suggest that RG can have substantial

benefits on stream quality, but to realize these benefits in
practice it may be crucial to improve the quality of RG
management with respect to water resources, to focus
management attention particularly on critical landscape
areas56,66, such as riparian areas where practices, such as
continuous grazing, may undermine the effect of sound
upland management. Indeed, we would contend that RG
cannot be assumed to be awater-quality best-management
practice without careful attention to details of land cover
and management practice, particular in critical landscape
areas with disproportionate effects on water resources.
Therefore, enhancement of technical and management
support for RG farmers from extension services and
conservation agencies may be critical to realizing the
potential conservation value of RG.Moreover, we suggest
that RG cannot serve as a stand-alone management
practice to protect stream integrity, rather, it should be
viewed as one of a suite of options that could be jointly
deployed on a catchment basis1,67. Thus, RG could be
included as part of a landscape management plan that
reduces the effect of land use throughout a catchment and
is sensitive to local geography, ecology, culture and
livelihoods. Finally, clustering of RG operations, i.e., the
occurrence of high densities of well-managed RG farms in
a catchment may lead to improved water quality,
particularly when the siting of such farms is guided by
watershed scalemodeling of land-use/land-cover effects on
water quality68. Such clustering appears to be happening in
certain geographic areas69 and may provide social and
economic benefits as well as aggregating water quality
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benefits and, thus, justifying public subsidy and cost-
sharing investment in RG operations.
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Appendix I. Selected attributes of dairy farms included in this
study.

State
Grazing

management Milking
Non-

milking Total
Per

hectare

NY CD 90 15 105 146
NY CD 73 63 136 61
NY CD 30 43 73 5
NY CD 39 23 62 6
NY CD 43 53 96 85
NY CD 218 309 527 16
NY CD 44 72 116 19
Mean 77 83 159 48
NY RG 46 54 100 1
NY RG 155 85 240 4
NY RG 56 87 143 6
NY RG 42 40 82 4
NY RG 72 63 135 3
Mean 74 66 140 4
PA CD 49 67 116 24
PA CD 36 51 87 13
PA CD 64 73 137 27
PA CD 64 63 127 16
PA CD 30 52 82 18
PA CD 132 83 215 8
PA CD 90 215 305 17
PA CD 97 108 205 42
Mean 70 89 159 21
PA RG 215 185 400 4
PA RG 37 49 86 6
PA RG 46 38 84 7
PA RG 200 178 378 7
PA RG ND ND ND 2
Mean 125 113 237 6
WI CD 85 122 207 41
WI CD 69 93 162 29
WI CD 74 144 218 74
WI CD 54 67 121 11
WI CD 76 65 141 42
WI CD 54 42 96 16
WI CD 65 63 128 13
WI CD 207 260 467 193
Mean 86 107 193 52
WI RG 55 60 115 4
WI RG 50 53 103 8
WI RG 74 69 143 5
WI RG 28 33 61 3
Mean 52 54 106 5

ND, no data.
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Appendix II. Selected stream-channel attributes of streams associated with dairy farms included in this study.

State
Grazing

management
Embeddedness

(%)
Bank

erosion (%)
Canopy
cover (%)

Mean
width (m)

Width
CV

Mean
depth (m)

Depth
CV

Soil
compaction

Bedded
sediment (cm) D50 D84 PSI

Habitat
score

NY CD 43 30 37 6.6 0.27 0.25 0.59 116 27 20 50 83 47.9
NY CD 2 0 38 6.6 0.98 0.13 0.84 150 16 91 363 60 62.0
NY CD 39 28 16 9.6 0.21 0.25 0.52 172 14 60 91 97 67.7
NY CD 50 11 8 4.3 0.33 0.23 0.36 205 4 40 182 58 48.6
NY CD 38 16 3 6.6 0.18 0.28 0.77 130 21 28 91 84 52.1
NY CD 25 16 74 1.9 0.58 0.06 0.69 158 4 91 182 79 71.3
NY CD 45 15 15 1.4 0.24 0.12 0.73 199 1 45 91 72 54.2
NY RG 35 30 60 8.0 0.23 0.19 0.53 77 1 91 182 72 48.3
NY RG 22 32 29 5.4 0.29 0.40 0.66 192 13 50 91 100 58.0
NY RG 27 24 79 1.0 0.23 0.02 0.87 135 4 55 182 94 36.9
NY RG 54 22 43 1.4 0.32 0.16 0.38 77 24 10 182 86 39.7
NY RG 42 52 48 1.7 0.34 0.07 0.45 182 10 25 182 82 43.0
PA CD 63 2 1 6.6 0.22 0.21 0.33 199 12 2 19 76 54.4
PA CD 75 28 22 1.2 0.57 0.06 0.65 223 7 1 20 72 30.4
PA CD 45 40 86 1.0 0.24 0.08 0.59 140 10 30 91 89 66.0
PA CD 58 36 32 1.1 0.34 0.13 0.51 102 25 10 56 111 54.8
PA CD 54 45 60 9.1 0.20 0.25 0.70 142 25 20 182 103 72.9
PA CD 42 49 47 0.7 0.24 0.05 0.64 150 1 50 182 84 62.1
PA CD 92 25 22 1.4 0.34 0.13 0.50 90 26 4 40 94 48.2
PA CD 37 1 20 1.7 0.23 0.22 0.35 71 1 91 182 63 64.5
PA RG 54 40 0 2.4 0.43 0.11 0.40 214 15 50 182 85 46.0
PA RG 81 17 0 1.1 0.39 0.15 0.44 207 16 15 120 98 42.1
PA RG 59 42 80 1.1 0.47 0.08 0.46 97 37 10 91 92 48.9
PA RG 50 49 41 10.1 0.30 0.25 0.22 160 16 15 55 79 62.0
PA RG 52 22 28 1.7 0.50 0.17 0.42 214 10 5 106 80 39.5
WI CD 100 60 48 0.9 0.46 0.13 0.85 151 32 1 91 109 35.1
WI CD 76 32 53 0.8 0.48 0.06 0.68 67 42 5 59 88 52.4
WI CD 64 44 59 1.5 0.41 0.06 0.56 168 17 1 50 91 44.8
WI CD 51 48 2 4.2 0.30 0.12 0.41 79 12 8 50 77 57.2
WI CD 32 40 20 11.1 0.33 0.28 0.65 111 17 91 182 74 71.5
WI CD 81 35 49 2.2 1.33 0.12 0.97 107 34 1 91 95 49.0
WI CD 30 38 41 8.5 0.28 0.16 0.55 120 10 60 182 74 56.4
WI CD 70 0 0 7.1 0.92 0.47 0.25 116 35 7 50 85 55.4
WI RG 50 34 12 6.0 1.01 0.35 0.28 142 29 5 20 86 46.0
WI RG 87 0 2 2.6 0.38 0.39 0.30 76 22 7 120 70 52.4
WI RG 64 6 0 3.8 0.68 0.27 0.38 107 13 17 150 79 55.5
WI RG 83 32 0 2.1 0.84 0.17 0.52 282 32 10 70 104 36.6
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Appendix III. Selected land-use and land-cover attributes of dairy farms included in this study.

State
Grazing

management
Annual
crops

Hay/
pasture Water Developed Wooded Wetland

Other
herbaceous

Other
farmland

NY CD 20.3 19.5 1.1 5.5 34.8 0.0 8.9 9.9
NY CD 44.8 25.9 0.4 2.8 11.7 0.0 14.4 0.0
NY CD 34.4 22.5 0.3 2.0 36.3 0.0 2.3 2.1
NY CD 16.5 29.4 0.3 2.0 41.4 0.0 10.4 0.0
NY CD 5.3 63.8 0.2 1.8 17.7 0.0 11.1 0.0
NY CD 21.6 38.3 0.2 1.9 33.0 0.1 4.7 0.1
NY CD 26.0 44.2 1.0 2.8 17.0 6.1 1.4 1.4
NY RG 0.0 46.4 0.4 1.9 44.6 0.0 6.7 0.0
NY RG 11.0 49.3 0.3 2.6 28.8 0.0 8.0 0.0
NY RG 11.8 47.7 0.0 4.7 33.4 0.0 2.5 0.0
NY RG 8.2 34.7 0.6 1.2 36.7 13.9 0.2 4.5
NY RG 0.0 80.8 0.3 1.1 10.5 0.0 7.4 0.0
PA CD 37.5 32.8 0.0 1.7 27.4 0.0 0.6 0.0
PA CD 67.2 29.3 0.6 2.9 0.0 0.0 0.0 0.0
PA CD 46.4 36.5 0.0 4.5 9.7 0.0 2.9 0.0
PA CD 29.1 59.9 0.8 4.2 5.4 0.0 0.0 0.7
PA CD 48.8 31.8 0.5 4.6 8.3 0.0 6.1 0.0
PA CD 49.2 43.9 0.6 4.7 0.3 0.0 1.4 0.0
PA CD 51.0 35.4 0.2 7.8 5.5 0.0 0.0 0.0
PA CD 45.2 13.1 0.1 5.0 16.5 0.0 20.1 0.0
PA RG 0.0 93.6 0.0 4.7 1.2 0.0 0.3 0.3
PA RG 21.5 73.5 1.4 3.7 0.0 0.0 0.0 0.0
PA RG 28.3 66.1 0.4 4.2 0.4 0.0 0.5 0.0
PA RG 10.6 61.9 1.3 7.6 14.8 0.0 0.0 3.8
PA RG 0.0 66.7 0.5 3.0 18.6 11.3 0.0 0.0
WI CD 26.3 54.5 0.0 5.4 1.2 4.7 7.9 0.0
WI CD 34.4 55.2 0.0 1.7 8.7 0.0 0.0 0.0
WI CD 33.7 30.5 0.5 2.0 31.0 0.5 1.8 0.0
WI CD 38.7 36.0 0.7 1.2 13.2 0.0 10.1 0.0
WI CD 30.7 38.5 0.5 1.6 18.1 9.0 1.6 0.0
WI CD 51.8 24.2 0.0 2.7 21.4 0.0 0.0 0.0
WI CD 35.4 55.1 0.0 0.9 8.6 0.0 0.0 0.0
WI CD 39.6 25.5 0.2 4.3 18.7 7.1 4.5 0.0
WI RG 21.2 48.2 0.0 2.9 6.8 11.7 9.3 0.0
WI RG 33.1 55.0 0.0 2.6 9.3 0.0 0.0 0.0
WI RG 42.2 49.4 0.0 3.2 0.0 0.0 5.2 0.0
WI RG 24.8 61.4 1.1 4.7 8.0 0.0 0.0 0.0
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