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Abstract: Two different modes of dairy farming intensification in two adjacent sub-watersheds in
the headwaters of the South Fork of Sugar Creek in Ohio, USA, are compared with the potential
sustainability consequences in connection to landscape structure and patterns as they impact water
quality. A survey was administered between 2005 and 2007 in the southern part of the Sugar Creek
watershed where we interviewed 28 Amish and non-Amish farmers. We collected data at the
field level on farms totaling 3422 ha to characterize intensifications in production under divergent
management strategies and to assess the collective implications for the environmental impacts. In
addition, water quality was monitored bi-weekly from 2010–2018 using nutrient concentrations at
the sub-watershed outlets and in 1998 and 2017 using instream habitat and biological assessments
across both sub-watersheds. The main result was that, despite contrasting farming and cropping
systems (small versus large farms, animal grazing versus feed), both Amish and non-Amish dairy
operations had increased the number of cows and milk per cow on their farms with similar organic
nutrient production by animals per hectare farmed. Equally, surface water quality assessed through
our monitoring program was similar with both systems showing decreasing nutrient enrichment and
increased habitat quality. Interestingly, these equivalent intensifications and environmental impacts
were realized despite contrasting demographics and land use patterns found when comparing
Amish and non-Amish operations. Collectively, these results illustrate the need to include socio-
cultural dimensions to truly capture the trajectory of development as it pertains to the intersection
of sustainability and intensification—especially since the complexity of interactions occurring can
potentially mask impacts relative to sustainable water resources management.

Keywords: sustainable intensification; water quality; dairy farming; Amish

1. Introduction

Over the last fifty years, the rate of intensification of dairy production has ranked
among the top in global agricultural production [1,2], creating a large demand for land
and water resources. In fact, in the U.S., the rate of increase of milk per cow increased
4.1-fold during the period between 1955 and 2020 [3,4]. This is comparable to other types
of animal production, such as beef cattle, pigs, sheep, broiler chickens, and layers that have
intensified between 1-fold and 2-fold. If trends continue worldwide, dairy production is
predicted to increase by 22% in the next decade [5]. In addition, there is a recent sharp trend
toward larger dairy operations. The number of licensed U.S. dairy herds decreased by more
than half between 2002 and 2019, even though milk production itself continued to grow [6].
Under these pressures, it is logical to ask if sustainable dairy intensification is possible or
even partially obtainable within, say, a working landscape approach to managing land,
water, and natural environments that balances social, economic, and ecological needs.
Further, what would a landscape supporting such sustainable intensification look like and
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how would that differ for land and water resources from what we would expect to see
under more traditional agricultural intensification trajectories?

Contextually, agricultural intensification can be defined as an increase in agricultural
production per unit of inputs (e.g., energy, land, time, fertilizer, seed, feed, or money).
Agricultural intensification can also involve a reduction in these inputs if the volume of
production is held constant or reduced at a lesser rate [7]. Both the Millennium Ecosystem
Assessment (2005) and the IPCC (2007, 2019) have emphasized agricultural intensification
as it pertains to environmental impacts and food security in their reports stating, “Most of
the increase in food demand of the past 50 years has been met by intensification of crop, livestock,
and aquaculture systems rather than expansion of production area . . . intensification has increased
pressure on inland water ecosystems, generally reduced biodiversity within agricultural landscapes,
and it requires higher energy inputs in the form of mechanization and the production of chemical
fertilizers” [8,9].

Traditional agricultural intensification alters nutrient cycling towards nutrient-loading
in the shift to high-yielding, input-intensive crop varieties [9,10]. At the same time, nutrients
and water are often lost from the system and external inputs are used to supplement
production, resulting in nutrient-loading. Equally, the agroecosystem moves from higher
biodiversity of crop types and genetic species towards more uniformity in space and
time [9,11,12].

Sustainable intensification, on the other hand, is defined as a process where production
or yields are increased without negative environmental impact and without increasing
the acreage of land under cultivation [13]. Sustainable production includes a wide set of
possible drivers and attributes such as the following: “(1) utilize crop varieties and livestock
breeds with a high ratio of productivity to use externally and internally derived inputs;
(2) avoid the unnecessary use of external inputs; (3) harness agroecological processes such
as nutrient cycling, biological nitrogen fixation, allelopathy, predation and parasitism;
(4) minimize use of technologies or practices that have adverse impacts on the environment
and human health; (5) make productive use of human capital in the form of knowledge and
capacity to adapt and innovate and of social capital to resolve common landscape-scale
or system-wide problems (such as water, pest or soil management); and (6) minimize
the impacts of system management on externalities such as GHG emissions, clean water,
carbon sequestration, biodiversity, and dispersal of pests, pathogens and weeds” [2,14].
Liao and Brown have focused on the need to address the smallholder livelihood as part of
sustainable intensification [15], which is consistent with the UN Environmental Program’s
17 Sustainable Development Goals (SDGs) which aim to end poverty, protect the planet,
and ensure peace and prosperity for all as part of the 2030 Agenda for Sustainable Devel-
opment [16]. Goal 15 of the SDGs is to “protect, restore, and promote sustainable use of
terrestrial ecosystems, sustainably manage forests, combat desertification, and halt and
reverse land degradation and halt biodiversity loss”.

Through this lens, the main goal of this research is to describe the process of inten-
sification in a specific context of two contrasting systems of intensification in adjacent
sub-watersheds in Sugar Creek, OH, USA. These two sub-watersheds are small United
States Geological Survey 14-digit hydrologic-unit code (HUC14) watersheds with drainage
areas of 73 km2 and 90.6 km2 that both drain into the South Fork of the Sugar Creek
Watershed (Figure 1). While similar in many physiographical aspects, a central aspect of
this study is that these two sub-watersheds are ethnically and culturally distinct. As such,
we have focused on characterizing how these distinctions have influenced recent dairy
intensification and translated into impacts on landscape patterns, structure and function,
and water quality. Further, we considered the relationship between these contrasting
systems relative to the concept of sustainable intensification to highlight where similari-
ties and differences can be found and how such similarities and differences translate into
environmental impact and ultimately management consequences. Such an emphasis is
important as focusing on either the social or natural/biological aspects exclusively can, for
example, lead to an oversimplified description of Amish agriculture as a sustainable way of
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farming or of non-Amish agriculture as inherently unsustainable. This latter aspect likely
translates to many regions around the world where traditional and modern trajectories of
development are happening at the same time and having consequences on how we achieve
sustainably managed land and water resources.

Figure 1. Map of the South Fork of the Sugar Creek (South Fork; blue) and East Branch of the South
Fork of the Sugar Creek (East Branch; red) showing the location of streams, Ohio Environmental
Protection Agency (OEPA) habitat survey sites with STORET labels, and water quality monitoring
sites. The location of Amish (blue) and non-Amish (red) farms that have been surveyed in this study
are overlaid on the two sub-watersheds. Water quality and habitat conditions were also monitored
downstream of two watersheds at the confluence. The location of the study area within the State of
Ohio is shown in the top left and bounded by a box with a north-west corner at 40◦31′19′′, 81◦46′28′′

and a south-east corner at 40◦24′19′′, 81◦35′28′′.

2. Materials and Methods
2.1. Site Description

We outline the ethnic and cultural differences between the two sub-watersheds
(Figure 1) being considered in this study in the following section. To help with clarity
for the reader and consistency with previous publications, we refer to the South Fork of
the Sugar Creek interchangeably as South Fork and/or the Amish sub-watershed and the
East Branch of the South Fork of the Sugar Creek interchangeably as East Branch and/or
non-Amish sub-watershed throughout this study.

2.1.1. Sugar Creek, OH, USA: Two Culturally Distinct Sub-Watersheds

The Amish are a traditional agrarian Christian subculture that originated in Switzer-
land and Alsace in 1693 as an off-shoot of the Anabaptist branch of the Protestant Reforma-
tion [16,17]. Today, they can no longer be found in Europe. The North American Amish,
located primarily in the states of Ohio, Pennsylvania, Iowa, and Indiana, preserve much of
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their Germanic heritage in a language that is an oral folk German dialect [18,19]. They have
maintained a highly interconnected social system of cooperative, mutualistic, and unifying
interactions which sustains them as a separate subculture. The primary unit of Amish
society is a patriarchal family [20,21]. Groups of families are tightly connected as parts of an
Amish church community or Gemeinde (a redemptive community [22], in which personal
salvation takes place in the Christian community) who rotate for biweekly worship in each
other’s homes and barns [18]. Each church community has its own lay church leaders and a
set of socio–religious rules called the Ordnung, which create boundaries between them and
the world and limit the scale of many aspects of their culture, including technology and
farm operation [18,23,24]. For example, to encourage a slower pace of life and more local
connectedness, Ordnungs do not allow church members to own automobiles; horses and
buggies are used instead [18]. Furthermore, only horses are allowed to be the main source
of power in agricultural field work so farm size is limited to what a family with a team of
draft horses can manage (20–60 ha) [17,19,20]. There are also several small Amish parochial
schools with education ending after the 8th grade. Cooperative labor in the form of oat
threshing rings and corn silo filling rings is neighborhood-based and crisscrosses church
boundaries. The Amish do not participate in USDA Farm Bill conservation programs,
but a number of the Amish of the South Fork participated in the Alpine Nutrient Trading
Plan which paid farmers for installing manure storage facilities and milk house waste
underground storage tanks that are pumped out onto the fields. The South Fork Amish
also installed conservation management practices on their dairy farms from several Ohio
Environmental Protection Agency (OEPA) 319 grants, such as fencing cows out of streams.
In 2016, the OEPA awarded Holmes County Soil and Water Conservation District a grant
to eliminate manure and dairy parlor waste and improve or install heavy-use pads and
access lanes, dairy cow exclusion fencing from streams, and alternate water sourcing to
keep cows out of the streams.

The Amish settlement pattern in the South Fork clearly differs from the adjacent East
Branch of the South Fork where the non-Amish dairy farmers live in separated larger
farms. The Amish categorize the East Branch farmers as “English”, which, in the local
community, means “non-Amish”, although most people in the East Branch have German–
Swiss heritage. The East Branch dairy farmers are located upstream and downstream from
the unincorporated town of Ragersville founded in 1830, which lies midway in the East
Branch Valley. The town has a few buildings including a historical society building, a church,
a tavern, and an elementary school. These farmers also frequent the Village of Sugar Creek.
The farmers along the East Branch participated in an Ohio EPA 319 grant from 1995–1998
to deal with dairy waste separation and treatment. The East Branch dairy farmers primarily
use manure lagoon pits. At that time there were 7800 cows among 16 diary operations in
the 28.2 square mile East Branch watershed [25]. Later, they responded to the initial Sugar
Creek Total Maximum Daily Load (TMDL) of 2002 by forming a cooperative to create a
riparian buffer zone along the creek. They were also active in participating in cover crop
programs provided by the Muskingum Watershed Conservancy District starting in 2013.

2.1.2. Two Modes of Dairy Farm Intensification

Two distinct modes of intensification evolved in the sub-watersheds. The Amish mode
evolved mainly due to cultural decisions regarding the adoption of automatic milking
machines instead of hand-milking, which resulted in a herd expansion relating to the extra
time created for milking. The non-Amish dairy farmers primarily intensified by purposely
expanding their herd size to take advantage of the economy of scale. These two modes of
intensification are shown in Table 1.
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Table 1. A comparison of Amish South Fork and non-Amish East Branch modes of farming
intensification.

Intensification Characteristics Amish South Fork East Branch

Type of Intensification Automatic milking machines and herd
expansion with land size constant Land and herd size scale increase

Date of Major Intensification
Starting Event

1996—Debate in each church district
about social and economic values of hand

versus automatic milking

1975—Agriculture vocational education
teacher recommended scale increase

for profit
Scale of Intensification 20% increase in herd size 200–500% herd increase; 2 CAFOs

Key Technological Changes
Milking machines; bulk tanks, solar

electric fences, increase in off-farm inputs
mainly for feed

Capital intensive dairy parlors; sand for
bedding; round bales, silage hay; many
off-farm inputs especially for feeding;

high-yielding corn varieties

Key Land Use Changes

Increase in and conversion of pastures to
intensive and rotational grazing by

milking cows and heifers; increase in
corn in the rotation

Pastures used only for dry cows and
heifers; increase in cash cropping for corn

or soybeans

Settlement Pattern

Small farms of about 80 acres with three
generations living together, fissioning of

church and small parochial school
districts due to population increase

Larger farms of 200 to 1350 cows

Social Organizational Changes Population increase; fissioning of church
and school districts

Buffer and Manure Group formed;
increase in hired labor

For dairy farm intensification processes in the South Fork of the Sugar Creek sub-
watershed, Amish dairy intensification was triggered in the mid-1990s when the Old Order
Amish church groups which milked cows by hand decided to allow milking machines.
Prior to that, there was a high value on the family time together milking about 25 cows
by hand on an average of 80 acres. Pioneering work on the ecological benefits of Amish
self-sufficient farming was published by Deborah Stinner and Benjamin Stinner [26–28].
When the milking machines were allowed, it took much less time to milk. In most cases, by
the late 1990′s, after the introduction of milking machines, steel bulk tanks were introduced
so that the milk could be piped directly into one holding container that cooled the milk that
could be picked up by a milk tank truck every two or three days. This replaced the need for
10-gallon milk cans which had been picked up daily. Owing to the labor time saved, most
farms increased their herd size by about 10–20%. In turn, this necessitated more corn and
hay to be grown to feed the cows, rotational grazing using solar-powered electric fences,
and more permanent pasture grasses that were introduced to improve pasture yield, milk
quality, and herd and soil health. The ideal Amish four-year five-crop rotation of corn,
small grain such as spelt or barley, oats, and two years of hay was sometimes tweaked to
add a second year of corn. Intensive grazing groups that used rotational paddocks became
very popular as well, especially after 2011. New horse-drawn plows were invented to be
able to plow the deeper roots of these grasses. While the increase in herd size contributed
to an increase in manure production, the farmers were able to apply most of this to the
increase in corn production which requires a higher fertilizer input.

A precondition for this mode of intensification was that the South Fork Amish popula-
tion were socially circumscribed, resulting in a land shortage and an inability to increase the
scale of farm acreage. In Clark Township, where the South Fork of Sugar Creek is located,
there was a rapid population growth rate and a large family size of about five people per
family during the study period, even though the birth rate had decreased substantially
over the last 50 years. This is illustrated by the Amish church district settlement pattern
of clustered farms and houses not just defined by the smaller farm size but also by the
preference for living in a close community. Amish church districts usually divide when the
number of households exceeds 40 to 45 to maintain their sense of community. In 1996, there
were 156 church districts in Clark Township that had fissioned into 235 church districts by
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2010 [29]. The preference by the Amish for single heir succession and inheritance of the
farm results in a problem for non-inheriting children, most of whom cannot find farmland.
In this case, they must find other jobs due to the shortage of land. This increase in the
density of the South Fork Amish population has also resulted in the rapid seeding of new
Amish communities in other places in Ohio and nearby states [30].

The intensification of dairy farms in the East Branch of the South Fork of the Sugar
Creek began in 1975 when a local agricultural vocational education instructor in the high
school taught that increasing the scale of farming would lead to increased farming prof-
itability. At the time, this trend was popular in the United States and resulted in a rapid
increase in large farms. This line of thinking focused on a scale that could be achieved either
by owning or renting land along with an increase in herd size achieved with or without an
increase of land. In the East Branch of the South Fork, the intensification included both an
increase in farm acreage size, as well as herd size. It also meant that there was a large capital
outlay for modern dairy parlors, sand for bedding, large round bales, hay used for silage,
many off-farm inputs especially for feeding, and high-yielding varieties of GMO corn and
soybeans sometimes used for cash cropping. Pastures were used only for dry cows and
heifers. Because the increase in herd size was greater than the increase in land size, the
farmers of the East Branch had an ongoing problem of excess manure. Two large dairy
farms in the East Branch were Concentrated Agricultural Feeding Operations (CAFO). One
had 1200 cows, 3000 acres, and 20 employees. When the current manager took it over from
his father in 1978 there were only 140 cows. They went from 140 to 400 cows in 1980 by
putting in a new free-stall barn. A new milking parlor was installed in 1992, enabling them
to milk more cows and milk three times a day [31]. A second CAFO dairy with 1350 cows
was run by a 5th generation family farm and a staff of 12 people. However, one hurdle
that large capital-intensive farms continue to have is the possibility of fragmentation or
dividing up the farm among multiple heirs in an equal inheritance system.

2.2. Farm Survey

Based on the general knowledge about the intensification of Amish and non-Amish
dairy farming systems, we characterized how dairy intensification has led to two contrast-
ing farming systems in terms of farm structure, animals, and crop management. In order to
characterize the systems, we carried out a survey of farmers in both sub-watersheds, East
Branch and South Fork, in the southern part of the Sugar Creek watershed.

Between 2005 and 2007, 17 Amish dairy farmers (3 in 2005–2006 and 14 in 2006–2007)
and 11 non-Amish dairy farmers (11 in 2006–2007) were interviewed, collectively farming
494 ha and 2928 ha, respectively. Farmers were interviewed by the same person based on a
semi-structured script. Interviews lasted one and a half hours up to three hours, depending
on the size of the farm and the complexity of its management. Each interview dealt with:

(a) The description of the main characteristics of the farm structure: land ownership,
farm acreage composition by crops, hay, and other land uses; animal production on
the farm including the number of animals per type; labor force on the farm.

(b) The identification of the farm territory: we define here the farm territory as the total
fields managed by the farmer, including cropland, hayfields, and pasture. All the
fields were reported on a map during the interviews with the farmers or when it
was available checked on the maps established by the Farm Service Agency. Then a
Geographical Information System (GIS) was created with all the fields of the farms
surveyed. The land use for each field was collected for the cropping year 2006.

(c) The land management through crop and animal management, where we focused on:
(1) crop rotations and their spatial organization over the fields of the farm. For that,
we utilized the methodologies described by Maxime et al. (1995) and Morlon and
Benoit (1990) [32,33], which have already been explained and used in combination
by Joannon et al. (2006) [34]; (2) animal feeding, as it has a direct impact on land
management and explains partly the land use of the farm.
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2.3. Water Data
2.3.1. Discharge Assessment

Given access and financial limitations, stream discharge was not measured within the
study area but rather estimated from nearby sources. We downloaded mean daily discharge
from seven United States Geological Survey stream gages within 50 km of the study
area from 2010 to 2018 (Station IDs = 03139000, 03124500, 03116077, 03117000, 03117500,
03118500, 03140000) using the R package ‘dataRetrieval’ [35]. As stream discharge is
affected by the watershed size, daily discharge was normalized between 0 and 1 using min–
max normalization to remove the impact of watershed size. Following this procedure, the
highest 25% and lowest 25% of daily discharge were isolated to assess trends in discharge
and nutrient concentrations occurring during relatively high and low discharge periods.
In addition, daily streamflow from each of the seven stream gages was normalized by
watershed area to calculate area-weighted runoff. Daily runoff was aggregated by season
and year to understand the general streamflow patterns over the study period.

The Regional Kendall Test (RKT) was used to determine significant trends (p < 0.05)
in normalized daily discharge from 2010–2018 among the seven stream gages used in the
analyses. In addition, the RKT was used to determine significant trends in the highest 25%
(‘high discharge conditions’) and lowest 25% (‘low discharge conditions’) of daily normal-
ized discharge among the seven stream gages. The RKT identifies trends at individual
sites and compares the results among regions with no prior assumptions for normality [36].
Lag-1 autocorrelation coefficients were calculated to ensure data did not exhibit strong
temporal autocorrelation. We used the R package ‘rkt’ to calculate the regional Kendall’s
tau [37].

2.3.2. Water Quality Monitoring

Stream water nutrient concentrations were monitored approximately bi-weekly from
2010 to 2018 at the outlets of the East Branch of the South Fork of the Sugar Creek (‘East
Branch’), South Fork of the Sugar Creek (‘South Fork’), and the combined downstream
confluence (‘confluence’) as part of a nutrient trading plan (Figure 1; [38]). The East Branch
drains an area slightly smaller (73 km2) compared to the South Fork (91 km2). Water
samples were preserved in the field using 1 mL of 0.5 M sulfuric acid and filtered upon
return to the lab using a 0.45 µm filter. Phosphate, total phosphorus, nitrate, ammonia, and
total nitrogen concentrations were calculated using a Lachat QuickChem Flow Injection
Analysis Automated Ion Analyzer (Hach Company, Loveland, CO, USA).

Mean nutrient concentrations for each site were calculated from all samples for the
four sub-watersheds and compared to each other using the Tukey test. In addition, mean
concentrations of samples collected during the high and low discharge conditions were also
calculated and compared. The Kendal trend test was used to determine significant changes
in nutrient concentrations among all the samples, and the samples collected during the
high and low discharge conditions. Significance for all statistical tests was determined as
being p < 0.05.

2.3.3. Habitat and Biological Assessments

Two surveys that evaluate stream health were conducted by the Ohio Environmental
Protection Agency (OEPA): The Qualitative Habitat Evaluation Index (QHEI) and the
Index of Biotic Integrity (IBI). The QHEI is a quantitative index that uses six physical
riparian/stream variables to yield a numeric value for the stream’s habitat and is often
used as a surrogate for the total suspended solids [39]. The OEPA determined from
hundreds of samples that, in general, a QHEI score ≥60 is conducive for Warmwater
Habitat use designation, the goal for most of Ohio’s rivers and streams, while scores less
than 45 generally cannot support a Warmwater assemblage consistent with Warmwater
Habitat biological criteria [39]. Here, Warmwater Habitat defines an aquatic life use
designation assigned to an individual waterbody segment based upon the potential to
support that use according to narrative and numerical criteria. The Index of Biotic Integrity
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(IBI), which is based on fish assemblage data, is one of the three indexes used by OEPA to
evaluate Warmwater Habitat. The minimum IBI score required for Warmwater Habitat
use designation is 40 for sites located in the Western Allegheny Plateau, the ecoregion
containing the study sites [39].

The OEPA performed the QHEI and IBI at 11 sites in the South Fork Headwaters of
Sugar Creek in 1998 and 2017 (Figure 1). Five sites each were located within the East Branch
and South Fork watersheds, while the eleventh site was located at the confluence of the two
streams. East Branch and South Fork QHEI and IBI scores were aggregated by watershed
and tested for significant differences between watersheds using the Wilcox Rank Sum test
for both 1998 and 2017. In addition, QHEI and IBI scores were also compared between
years for each watershed to determine if significant changes in scores occurred between
years for each watershed.

3. Results
3.1. Farm Survey
3.1.1. Farm Structure and Farming Systems

The main results are summarized in Tables 2 and 3. Most of the farms were dairy
farms in both watersheds (68%), including farms raising only dairy heifers. The remaining
operations were mainly associated with a full-time off-farm job of the main worker of the
farm (25% of the farms surveyed). Other contrasting features of Amish and non-Amish are
as follows. Amish farms were smaller than non-Amish (32 ha on average versus 266 ha),
and for the dairy operations there were on average 23 milking cows in Amish farms and
310 in non-Amish farms. This is the direct consequence of animal traction used by Amish
farmers which limits the maximum acreage a farmer and his family can cultivate. There
was an average of nine horses per farm, Belgium/Percheron horses being used for traction
and Standardbreds used for transportation. In the non-Amish watershed, farms associated
with off-farm jobs were of comparable size as Amish farms. The level of milk production
of non-Amish dairy farms was higher (11,340 vs. 7182 kg/cow/y), but some Amish and
non-Amish farms had similar levels of production. Cash crops were cultivated more on
non-Amish farms. The whole Amish farm was either owned by the farmer or rented out in
the case of a young son who had not yet bought the farm from his father. Out of the twelve
Amish farmers, just one had 36% of his farm rented out to another farmer, who was not
his family. The main labor force was generally composed of the farmer and his wife with,
for 58% of the farm, children helping on the farm. Moreover, corn silo filling and cereals
threshing were shared with other farmers, most of the time with a group of six or seven
farmers. On average, 58% of the non-Amish farmland was rented out, with a great diversity
ranging from 24–84%. The labor force on these farms was composed of members of the
family, permanent employees, and occasional helpers. On average there were 2.5 family
members working on the farm (1 to 4.5), the farmer and/or his wife and/or brothers and/or
sons. There were no permanent employees on the two dairy heifer farms, while there was
an average of six permanent employees on dairy farms (from 2 to 9.5). Occasional helpers,
who add another full-time permanent work position, were present on all the farms except
one and typically worked during the summer or on evenings and weekends.

Cash crops were almost not cultivated on dairy Amish farms. For most of the Amish
farms, all the fields were contiguous, or, at least, less than 500 m apart. The average field
size was 1.4 ha with pasture fields being larger (2.4 ha on average) than hay and crop fields.
On non-Amish farms, fields could be as far as 14 km from the farmstead. The average field
size was 3.5 ha, which is larger compared to Amish farms, but small contour strips fields as
small as 0.2 ha were also cultivated on these big dairy farms. The Amish used more than
95% of their land to produce animal feeds used on-farm, with on average 38% of pasture
grazed, 32% in hayfields, 26% in small grain cereals fields, and less than 4% in cornfields.
On non-Amish farms, there is on average less than 5% of pasture, 51% of hay, 28% of corn
silage, and around 15% of small grain cereals.
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Table 2. Production by farming type.

Production Amish Watershed 1 Non-Amish Watershed

Dairy with milking cows
11

(2 with draft
horses business)

5
(2 with cash

crops/hay business)

Dairy with only heifers 1
2

(both with cash
crops/hay business)

Poultry 1 none
Mixed livestock none 1

Off-farm job, full time, with a
Non-dairy production on-farm 4 3

1 Based on the 14 farms surveyed and 3 of a previous study.

Table 3. Farms’ land use and animal raised.

Category Amish Watershed 1 Non-Amish Watershed

Farmed land 2 16 to 54 (32) 14 to 747 (266)
Tillable land 2 0 to 35 (19) 5 to 731 (250)

Crops sold (% total land) 3 0 to 37% (5) 3 0 to 100% (7) 3

Number of milking cows 4 9 to 28 (23) 297 to 460 (310)
Level of production 5 6500 to 9440 (7182) 9000 to 13,500 (11,340)

Other livestock
Horses: 150 on 17 farms

Chickens: 90,000 to 120,000
per year (3 farms)

1 mixed livestock (sold per
year: lambs (65), beefs (105),

hogs (650)
1 Based on the 14 farms surveyed and 3 of a previous study. 2 In ha; area range and average area in parenthesis.
3 In parenthesis the number of farmers concerned. 4 Range and average number in parenthesis, only for the farm
concerned (see Table 2). 5 In kg/cow/year; range and average level in parenthesis.

3.1.2. Landscape Patterns and Crop Rotations

In Amish rotations the corn was cultivated for one or two years, followed by one year
of oats and then by two to seven years of hay. Sometimes small grain cereals, such as spelt
or barley, followed directly after the corn and before the oats. Rotations with two years of
corn were localized on bottomland soil, which had more clay and could be flooded. On
the hills, where the soil was sandier, better drained, and lower in water reserves, Amish
farmers had rotations with a longer period of hay. Pasture fields were located either on
the stonier fields or on fields too steep to be tilled and in the valley and along the streams
because animals had direct access to water. Pasture was also preferentially located on the
closest field to the barn.

For non-Amish dairy farms, the main rotation was also a succession of corn, small
grain cereals, and hay, with a variation in the number of consecutive years each land use
was kept before changing to the next one. There were also more specialized crop rotations:
continuous corn, corn and soybeans, and continuous hay in rotation sometimes with a
small grain to renew the grassland. These different specialized crop rotations were spatially
organized on non-Amish farms as follows:

• on drained bottomland with water-logging constraint there was continuous corn or
corn and soybean rotations;

• oppositely, on sandy hills there were continuous hayfields;
• on the remaining stony fields, and on fields too steep to be tilled there was pasture.

Finally, we aggregated land use information gained from our interviews to a watershed-
level resolution by considering the spatial distributions of land cover within the direct
drainage area of each farm interviewed. These maps of land use covering the zero and
first-order stream systems demonstrate the differences in landscape patterns seen between
the non-Amish (Figure 2a) and Amish (Figure 2b) sub-watershed. These aggregations help
visualize the differences in farm management between the two sub-watersheds e.g. [40,41]:
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there is more pasture along the stream in the Amish watershed and more corn or wood in
the non-Amish watershed.

N
A
 0 0,5 1 2 Km 

I I I I I I I I I 

Land use 

• Com and leg,me 

二 Smallgrain 
Ore叩orarygrassland

• Permanent grassland 

• Wlod 

匕J Farmstead 

Land use 

- Corn and legume 

仁丿Small grain 

仁丿Temporary grassland 

- Permanent grassland 

- Wood 

亡] Farmstead 

N
A

0 0.2 0,4 0,8 Km 

(a) (b) 

Figure 2. (a) Land use map aggregated at the watershed level (from the non-Amish farm interviews
watershed). (b) Land use map aggregated at the watershed level from the Amish farm interviews.

3.2. Water Quality Results
3.2.1. Discharge Estimation

The mean annual area-weighted runoff for the seven USGS stream gages from 2010–2018
was 450 mm and ranged from 299 mm (2012) to 693 mm (2011). Winter (January–March)
and spring (April–June) months were much wetter than summer (July–September) or fall
(October–December) months. The mean seasonal runoff for winter, spring, summer, and fall
was 161 mm, 145 mm, 53 mm, and 91 mm, respectively. March, on average, was the wettest
month, producing 73 mm of runoff, followed by April (63 mm) and February (45 mm).
The driest month, on average, was September (13 mm), followed by August (14 mm) and
October (17 mm).

According to RKT results, daily stream discharge significantly increased in the seven
nearby USGS stream gages analyzed (Table 4). Interestingly, RKT results indicated sig-
nificant decreases in the highest 25% of stream discharge and a significant increase in
the lowest 25% of stream discharge. Significant increases were detected during January,
February, April, May, August, and November, while a significant decrease was measured
during March.
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Table 4. Regional Kendall Test results from seven nearby USGS stream gages for all stream discharge,
the highest 25%, and the lowest 25% of stream discharge from 2010–2018. Significant positive
Kendall’s tau indicates an increasing trend with time and significant negative Kendall’s tau indicates
a decreasing trend with time. All trends were detected with significance at p < 0.05.

Variable Kendall’s Tau p-Value

All discharge 0.05 <0.001
Discharge >75% −0.06 0.008
Discharge <25% 0.05 0.02

3.2.2. Nutrient Concentrations

The mean stream water nutrient concentrations for all samples and samples collected
during high and low discharge conditions are presented in Table 5. Using all the samples
available, phosphate and total phosphorus were significantly greater in the South Fork
compared to the East Branch or confluence. However, nitrate, ammonia, and total N were
similar for all three sites. Samples collected during high discharge conditions were not
significantly different for any of the mean nutrient concentrations across the three sites.
All nutrient concentrations except ammonia were significantly greater in the South Fork
compared to the East Branch or confluence during low discharge conditions. Mean total
phosphorus and nitrate concentrations typically exceeded OEPA’s recommend limits for
obtaining Warmwater Habitat use designation for all sites (1.0 and 0.1 mg/L for nitrate
plus nitrite and total phosphorus, respectively).

Table 5. Mean nutrient concentrations (mg/L) for phosphate, total phosphorus (Tot P), nitrate,
ammonia, and total nitrogen (Tot N).

Site Phosphate Tot P Nitrate Ammonia Tot N

All samples concentration (mg/L)

East Branch 0.115 c 0.167 b 2.315 a 0.349 a 3.246 a
South Fork 0.255 a 0.325 a 2.646 a 0.297 a 3.641 a
Confluence 0.183 b 0.246 ab 2.494 a 0.320 a 3.302 a

High discharge samples concentration (mg/L)

East Branch 0.142 a 0.205 a 3.488 a 0.417 a 4.838 a
South Fork 0.266 a 0.406 a 3.642 a 0.440 a 4.571 a
Confluence 0.207 a 0.319 a 3.673 a 0.391 a 4.420 a

Low discharge samples concentration (mg/L)

East Branch 0.125 b 0.176 b 1.011 b 0.411 a 1.875 b
South Fork 0.303 a 0.392 a 2.043 a 0.284 a 3.187 a
Confluence 0.202 ab 0.267 ab 1.469 b 0.365 a 2.310 b

Different letters next to the scores denote significantly different mean scores among the three sites using the
Tukey test.

Results from the Kendal trend test for nutrient concentrations for all three sites are
detailed in Table 6. When analyzing all of the samples, phosphate concentrations signifi-
cantly decreased in the South Fork and the confluence. Total phosphorus concentrations
significantly increased in the East Branch. No significant changes in nitrate or total nitrogen
were observed at the three sites. Significant declines in ammonia concentrations were
detected at all three sites.

Phosphate concentrations collected from high discharge condition samples signifi-
cantly declined in the East Branch and the confluence, while total phosphorus did not
significantly change for any of the three sites (Table 6). Total nitrogen concentrations from
high discharge condition samples significantly declined at all three sites, while significant
declines in ammonia were detected at the South Fork and confluence sites. Only the South
Fork had significant declines in nitrate during high discharge conditions. Fewer significant
changes in nutrient concentrations were observed from samples collected during low dis-
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charge conditions (Table 6). The South Fork indicated significant declines in phosphate and
ammonia, while the confluence had significant declines in ammonia.

Table 6. Kendall trend test results (Kendall’s tau) for phosphate, total phosphorus (Tot P), nitrate,
ammonia, and total nitrogen (Tot N) among the three sites.

Site Phosphate Tot P Nitrate Ammonia Tot N

All samples

East Branch −0.01 0.19 0.03 −0.3 −0.02
South Fork −0.19 −0.01 −0.04 −0.4 −0.08
Confluence −0.15 0.03 −0.02 −0.35 −0.04

High discharge samples

East Branch −0.32 −0.1 −0.27 −0.25 −0.37
South Fork −0.25 −0.18 −0.29 −0.47 −0.37
Confluence −0.37 −0.14 −0.27 −0.45 −0.3

Low discharge samples

East Branch 0.17 0.23 0.12 −0.22 −0.08
South Fork −0.25 −0.19 0.05 −0.47 −0.06
Confluence −0.13 −0.01 0.22 −0.39 0.1

Bold values indicate significant results (p < 0.05).

3.2.3. Habitat and Biological Assessments

Results from the OEPA IBI and QHEI surveys for 1998 and 2017 are shown in Table 7.
Both IBI and QHEI scores increased at most individual sites from 1998 to 2017, indicating
stream habitat improvements that led to increased fish assemblage diversity. However,
all individual sites are well below the recommended score (60) for obtaining Warmwater
Habitat use designation. Similarly, all but one individual site had IBI scores less than the
required level (40) for obtaining Warmwater Habitat use designation.

Table 7. Index of Biotic Integrity (IBI) and Qualitative Habitat Evaluation Index (QHEI) results from
the Ohio Environmental Protection Agency (OEPA) for the confluence and six sites each in the East
Branch and South Fork for 1998 and 2017.

STORET Watershed IBI 1998 IBI 2017 QHEI 1998 QHEI 2017

R05W18 Confluence 29 34 48 50.8
R05S56 East Branch 24 40 42 50.5
R05S57 East Branch 24 28 45.5 54
R05S59 East Branch 24 30 31 39.5
R05W19 East Branch 26 36 23 52.5
R05W36 East Branch 22 32 44.5 46

East Branch Mean 24 * 33.2 * 37.2 * 48.5 *,ˆ

R05P23 South Fork 18 28 28.5 39.3
R05S41 South Fork 20 24 35.5 29.5
R05S64 South Fork 22 12 35 38
R05S66 South Fork 28 34 27 42
R05W38 South Fork 28 30 28.5 41.3

South Fork Mean 23.2 25.6 30.9 * 38.02 *,ˆ
Significant differences between mean survey scores for 1998 and 2017 in the East Branch and South Fork are
denoted with *. Significant differences between East Branch and South Fork mean survey scores are denoted
with ˆ.

The mean IBI scores in the East Branch increased significantly from 1998 to 2017, while
the mean QHEI scores increased significantly for both the East and South Fork. The mean
IBI and QHEI scores were typically larger in the East Branch compared to the South Fork.
However, significant differences were only detected for the QHEI in 2017.
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4. Discussion
4.1. On the Complexity of the Concept of “Sustainable Intensification”

Pollution by organic nutrients to waterways is the main environmental issue in the
Sugar Creek watershed; however, in these two modes of dairy farm intensification, we have
documented both an improvement in water quality and an increase in milk production both
per cow and per acre. Collectively, this could be considered “sustainable intensification”,
achieved through significant efforts in both watersheds to reduce nutrient pollution (e.g.,
the Sugar Creek nutrient trading program, [42]). However, both cases have challenges
remaining with regard to how sustainable the intensification truly is in the long run. For
example, a challenge for all dairy farmers is the low price of milk which has ranged from
USD 13 to USD 20 per cwt for the period 1980–2021 (except for 2007, 2012, and 2014, when
it spiked higher) [6]. Because organic milk fetches nearly twice the price, several South
Fork Amish farms have opted to go organic, although none have in the East Branch. It
is remarkable that the smallholder South Fork Amish have been able to stay in business
in an era when the median national trend per herd size rose from 80 in 1987 to 1300 in
2017 [6]. Perhaps the Amish have more flexibility both socially and in farm management.
Most Amish farm families have side businesses that can be scaled up or down. In farm
management, the small field size makes adjusting the crop rotation or which fields to plant
first easier than on large-scale farms.

Following the years of our study from 2018–2021, the total number of livestock de-
creased in both watersheds mainly owing to the better job opportunities in the area and low
milk prices. Because of the low milk prices, a few Amish farms stopped dairy production
and instead raised dogs, started side woodworking companies, or commuted to jobs in
nearby towns. In the East Branch, one of the two CAFOs went out of business mainly due
to succession issues regarding multiple heir ownership.

For the Amish, another issue is the population rate of increase that is forcing further
divisions of their church districts and small parochial schools all the while keeping the
number of farms at a fairly constant number through single heir succession. Despite the
low milk prices, most Amish households have been able to have one or more household
members work off the farm or start an on-farm side business. The Amish also have their
own private health care insurance [43,44] which is a problem for many non-Amish “English”
farm families. For the East Branch dairy farmers, most families have a family member
working off the farm in large part to gain the insurance benefit. The East Branch dairy
farmers also have a significant manure surplus problem that has not been resolved to
date. The East Branch farmers have favored using more GMO corn and soybean varieties
and more external inputs than the Amish dairy farmers. The Amish solved their manure
surplus created from the dairy cow herd increase through nutrient cycling of the increased
manure onto the increased corn acreage.

Taken altogether, what emerges is the complexity of the concept of “sustainable in-
tensification” in practice when considering a working landscape where humans work
as responsible members of a natural ecosystem. As we consider the pillars of the econ-
omy, society, and the environment as they pertain to sustainability and water resource
management, we clearly need to explicitly consider socio–cultural dimensions in order to
understand development impacts as they pertain to sustainability in these intensifying
working landscapes. We outline the mechanisms driving such considerations as they
pertain to our current study through the lens of water quality and implementation of
agricultural management practices in the following.

4.2. Potential Organic Nutrient Pressure on Streams from Farms

We made an analysis of all the farms surveyed in this study, calculating the potential
organic nutrients (nitrogen and phosphorus) that could impact streams during a year by the
animals raised on the farm as a simple mass balance. For the calculation, we used French
reference values [45–48] which have already been used in similar estimations to give the
amount of organic nitrogen and phosphorous excreted for each type of animal [49]. We then
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calculated the two ratios, N/ha and P2O5/ha, for all the farms surveyed (Table 8), which
demonstrates that (1) two non-Amish farms had the lowest ratios close to zero—these
are farms with no or few animals; (2) oppositely, there were three Amish farms with very
high ratios over 290 kg/ha for nitrogen and 140 kg/ha for phosphorus—the three farms
had large chicken houses; and (3) in between these extremes there were 23 Amish and
non-Amish farms with a moderate-low to moderate-high ratio, and no major differences
between Amish and non-Amish can be found.

Table 8. Potential organic nutrients released at the farm level for the 11 non-Amish farms (NA) and
17 Amish farms (A) according to the ration of P2O5 and N organic produced by the animals raised on
the farm divided by the acreage of the farm.

kg P2O5/ha

0–15 15–30 30–45 45–60 60–75 +140

N kg/ha

0–25 2 NA
25–50 3 A/1 NA
50–75 2 A/2 NA 2 A/1 NA

75–100 5 A/2 NA
100–125 2 A/2 NA
125–150 1 NA

+290 3 A

The main result of this analysis is that we cannot distinguish between Amish and non-
Amish dairy farms through this mass balance estimation as both have similar nutrient mass
estimates and could have equal impact on water quality. This result agrees with a study
that took place in Holmes County, OH, USA in a region dominated by Amish farms and
which is the same county where we interviewed Amish farmers for our current study [50].
This previous work showed that Amish farming systems could rely on rather high amounts
of imported animal feed, which may cause some environmental problems with nutrient
loading, especially phosphorus. However, both Amish and non-Amish systems had rather
low nitrogen ratios. Indeed, the nitrogen ratio calculated on 139 dairy farms across nine
European dairy areas was usually over 125 kg/ha [51], while this was the case for only
1 dairy farm out of the 19 in our study.

4.3. Potential Role of Manure Storage and Application

Amish farms had all their fields close to the farmstead while non-Amish farms culti-
vated land far from their farmstead. This can lead to a non-homogeneous manure applica-
tion, with a disproportionate spreading close to the farmstead and distant fields having
less or no manure applied [52,53]. This is confirmed by the fact that a surplus of manure
has been a major environmental issue within the non-Amish East Branch sub-watershed
(personal communication, Tuscarawas Soil and Water Conservation District, OH, USA).

Considering manure storage capacity, non-Amish farms had larger storage facilities
which allowed them to haul manure at a more appropriate time to take advantage of crop
requirements and weather conditions. This improvement of manure storage in lagoons
on non-Amish farms is related to the manure surplus issue as stated above. Amish farms
tended to apply straw pack (semi-composted) manure earlier than non-Amish farms, which
sometimes presented a problem when it was applied to land that was still freezing and
thawing in early spring. This way of managing manure is similar to what has been observed
among Amish farmers in Wisconsin [54].

4.4. Impact of Farming Systems and Management on Stream Water Quality

Nutrient concentrations in stream water samples collected from 2010 to 2018 at the out-
lets of the two sub-watersheds were significantly different during low discharge conditions
but were similar during high discharge (Table 5). Nutrient concentrations measured during
high discharge conditions likely contributed the most to annual nutrient loads and suggest
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the two different types of farming practices employed in the adjacent sub-watersheds
of Sugar Creek have a similar impact on annual nutrient loads. The different landscape
patterns observed in the adjacent sub-watersheds likely contributed to these observations
(Figure 2). While the non-Amish sub-watershed tended to have continuous corn cropping
with manure application along streams in riparian areas, there was also a greater tendency
for riparian woodland buffers that could have allowed space and time for nutrient uptake
to occur before being transported to the streams. Conversely, in the Amish sub-watershed
grass, stream buffers were more common. However, livestock was not fenced away from
streams, which could have balanced out the positive effect of the grass buffers.

Differences in nutrient concentrations measured during low discharge periods may
reflect legacy nutrient contributions from older groundwater sources influenced by previous
farming practices. For example, in the South Fork, livestock was historically allowed to
graze in the stream, which could create elevated nutrient concentrations in riparian soils that
were most apparent during low discharge conditions when contributions from stormflow
were negligible. During low discharge conditions, the East Branch had significantly lower
concentrations for all nutrients except for ammonia.

Changes in water quality implied from nutrient concentration trend tests and com-
parison of the IBI and QHEI assessments suggest water quality has improved in both
sub-watersheds, but additional improvements are still needed to obtain recommended
scores for obtaining Warmwater Habitat use designation. While the mean IBI score did not
significantly increase in the South Fork from 1998 to 2017, the score from one site located
immediately downstream from a cheese production plant that discharges nutrient-rich
effluent (R05S64) heavily impacted the result—removing this site would have resulted in a
significant increase in mean IBI score for the South Fork. Attributing the changes in the
observed stream water nutrient concentrations or biological and habitat assessments to the
different farming practices is difficult due to the many factors that could have affected these
observations. For example, dozens of best management practices aimed to reduce erosion
and subsequent nutrient loss from farm fields were installed in the Amish sub-watershed
during the study period [38,55,56].

5. Conclusions

Two very different rural populations in two adjacent sub-watersheds have intensified
their dairy farming systems in two completely different ways. Differences concern the
size of the farms and the herds, the level of production, the way to feed dairy cows, the
spatial patterns of fields, crop uses and rotations, and the demographics of the populations
themselves. Several previous studies [18,26] about Amish dairy production have focused
on either the social or natural/biological aspects exclusively and therefore result in an
oversimplified description of Amish agriculture as a sustainable way of farming especially
as it relates to water quality [57,58]. Our estimation of potential organic nutrient loads to
the streams, along with the other characteristics of both farming systems, do not allow us
to conclude whether or not Amish farmers currently have less impact on the environment
than their non-Amish counterparts. Further, while both systems increased milk production
substantially and improved water quality when considering some aspects, meeting the
definition of “sustainable intensification” presented in the introduction, our findings are
insufficient to conclude that both systems reached “sustainable intensification” in any
true sense. To do so would require more transdisciplinary research on external inputs,
externalities including greenhouse gas emissions, carbon sequestration, biodiversity, yield
gaps, and long-term social factors such as the difference in inheritance and succession
patterns and human and social capital (e.g., [59,60]). Our results indicate the need for a
more complex analysis incorporating both social and natural sciences when assessing and
evaluating “sustainable intensification” especially as it pertains to and impacts on water
resource management.
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