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New York (NY) state is one of five states that collectively produce >50% of the
annual milk supply within the United States. The local environment allows
farmers to integrate crop and livestock systems, facilitating cycling of manure
nutrients back to cropland. Thus, dairy provides NY with benefits, opportunities,
and challenges in terms of environmental sustainability, climate resiliency, and
a circular agricultural economy. Improved balancing of crop nitrogen (N) and
phosphorus (P) needs and supply with manure and fertilizer, is key for a circular
agricultural economy. The objectives of this study were to calculate and evaluate
(1) regional and county level N and P balances of harvested cropland; and (2)
contribution of manure to a circular agricultural economy for NY. Nutrient
balances were calculated for 2017 (most recent Census year) as the difference
in the amount of nutrient input through purchased fertilizer and recoverable
manure, and the amount removed in harvested crops. Atmospheric N deposition
and legume N fixation, and manure nutrient losses during collection, transfer,
storage, and treatment were estimated too. The 2017 P balance was 10kg P
ha™ (9lb. P ac™). The N balance was between 39kgNha (35lb. Nac™) and
95kgNha (85lb. Nac™), depending on the proportion of legume cropland
assumed to receive manure. Redistribution and application of manure to meet
P-removal on non-legume cropland only leaves a surplus of 3kg P ha™ (3lb. P
ac™). Applying surplus manure to legume and non-legume cropland results in
a slight, state-level, P deficit. In both scenarios, the large N deficit that cannot
be met through legume N fixation alone indicates purchased fertilizer is required.
These results show NY’s ability to capitalize on the value of manure without
excessive risk to the environment. Greater circularity of agricultural production
in NY will need to consider benefits and trade-offs of applying manure to
legume cropland. As milk production increases in the state, implementation
of advanced manure treatment, storage, and manure application and livestock
feeding practices will be needed to increase the circularity and sustainability of
the agricultural sector in NY.
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1 Introduction

Agriculture is under increasing pressure to minimize its
environmental footprint globally, resulting in efforts to increase all
three pillars of sustainability: environmental, economic, and social.
To remain competitive in the global market and contribute to a more
circular economy, a growing number of agricultural sectors across
continents and countries have set sustainability targets for
greenhouse gas (GHG) emission reduction, water use, climate
resiliency and biodiversity (Holly et al., 2018). One such example is
the commitment by the dairy industry in the United States (US) to
reach GHG neutrality, optimize water use while maximizing
recycling, and improve water quality by 2050 (US Dairy Net Zero
Initiative, 2023).

A circular economy moves away from linear, short-chain,
processes towards integrated systems that form a closed loop (Ellen
MacArthur Foundation, n.d.). In disconnected animal and crop
systems, the principles of a circular agricultural economy are hard to
achieve, particularly for nutrient cycling. In contrast, integrated crop-
livestock systems have a particularly good opportunity to establish a
circular agricultural economy due to the intrinsic ability to cycle
nutrients within the system (Franzluebbers et al., 2021). For the US,
this concept of nutrient cycling has been referred to as manure sheds
(Spiegal et al., 2020; Flynn et al., 2023).

The state of New York (NY) is a prominent agricultural state in the
US. At the time of the 2017 Census of Agriculture, NY ranked third
for milk production, third for maize silage production, and in the top
five for apples, cabbage, grapes, snap beans, squash, cherries,
blueberries, and maple syrup. The integrated crop-livestock system
gives NY many advantages. With almost 2.8 million ha (6.9 million
ac) of agricultural land, 625,000 dairy cows producing 6.8 billion kg
(15 billion Ib.) of milk in 2017, NY agriculture produces a large
amount of nutritious dairy products, along with a large amount of
nutrient-rich manure.

Nutrient balance assessments are needed to evaluate the long-
term sustainability of producing crops with manure and fertilizer
inputs. Such balance assessments compare the amount of nutrients
entering and leaving a system. This can be done at a variety of scales,
including field, farm, waterbody, watershed, county, state, sector or
nation (Sharara et al., 2022). By assessing nutrient imports and
exports, or inputs and removal, nutrient use can be monitored, and
the efficiency of agricultural nutrient management assessed. In
addition, nutrient balances can aid in the summary of nutrient flows
and identification of imbalances at various scales to highlight areas of
opportunity for improvement. Further uses can include assessment of
the impact of nutrient management policy, implementation of fertility
guidelines, extension education and knowledge transfer. Benefits also
include the optimization of the use of nutrients for economic crop
production and environmental protection.

Much work on nutrient balances focuses on nitrogen (N) and
phosphorus (P) due to their agronomic importance to crop production
and their potential for environmental harm. For example, excess P can
contribute to the impairment and degradation of rivers and lakes,
while N can impact air and water quality and ecosystem stability, and
N losses also contribute to direct and indirect emissions of nitrous
oxide (N,0), a potent GHG (Sharpley et al., 2019). Therefore
responsible nutrient management is essential for sustainable
agricultural production and particularly important for NY agriculture
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as it is situated within four major watersheds (Lake Erie, Lake Ontario,
Lake Champlain, and the Chesapeake Bay).

There have been several studies of N and P balances at the US
county, state and watershed level over the past 15years (Kellogg
et al., 2000; Swink et al., 2009, 2011; Khanal et al., 2014; Yang et al,,
2016; Andersen and Pepple, 2017; Gronberg and Arnold, 2017;
Peterson et al., 2017; Spiegal et al., 2020; Leytem et al., 2021; Roy
etal, 2021; Flynn et al., 2023). Often, such studies focus on N and P
individually as was done for the NY assessments (Swink et al., 2009,
2011). For states where animal agriculture dominates land use,
evaluation of N and P balances together will be essential for policy
development as manure applied to the land-base contains both N
and P and managing for just one can cause unintended consequences.
Spiegal et al. (2020) did calculate balances for both N and P but used
2012 data and this study did not include detailed analyses for
NY. Nutrient balances for NY have not been calculated since (Swink
etal, 2009, 2011) using 2002 data for P, and 2007 data for N. In the
current paper, N and P balances are calculated together, allowing the
impact of the N to P ratio of manure, manure application on legume
cropland and how the characteristics of NY agriculture
(predominantly dairy, with high production of forages and modest
animal densities) all contribute to the region moving towards a
circular agricultural economy.

The objectives of the current work are to calculate and evaluate
the (1) 2017 NY regional and county level N and P balances (harvested
crop nutrient removal minus supply with manure and fertilizer); and
(2) contribution of manure to a circular agricultural economy in
NY. The 2017 balances were estimated as 2017 is the most recent year
in which the United States Department of Agriculture (USDA) Census
of Agriculture (CoA) data have been released to the public.

2 Materials and methods
2.1 State, regions, and counties

While NY has 62 counties, the Long Island counties (7), Hamilton
County (Northeast region), Putnam County (Southeast region),
Rockland County (Southeast region), Warren County (Northeast
region) and Westchester County (Southeast region) were excluded
from balance analyses due to their lack of agricultural land (0.7% of
the total harvested cropland and 0.3% of livestock AU of NY were
located in these counties). Thus, analyses presented here were done
using data for 50 counties.

The state was divided into nine regions according to the USDA
Natural Resources Conservation Service (NRCS) regions; Central,
Eastern, Long Island, Northeast, Northern, Southeast, Southern,
Southwest, and Western, as was done in earlier balance summaries
(Swink et al., 2009, 2011).

2.2 Crop production and nutrient removal

Harvested crop nutrient removal was determined using data
from 2017 USDA CoA at the county and state level for harvested
area and production (total yield) of field crops (alfalfa [Medicago
sativa L.] hay and haylage, other (non-alfalfa) hay and haylage, corn
[Zea mays L.] silage, corn grain, soybeans [Glycine max (L.) Merr.],
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wheat [Triticum aestivum L.] and oats [Avena sativa L.]), and area
bearing or harvested for fruit and vegetable crops (apples [Malus
sylvestris (Borkh.) Borkh.], cabbage [Brassica oleracea L.], grapes
[ Vitis vinifera L.], potatoes [Solanum tuberosum L.], snap beans
[Phaseolus vulgaris L.], sweet corn, squash [Cucurbita spp.],
pumpkins [Cucurbita spp.], strawberries [Fragaria spp.], peaches
[Prunus persica (L.) Batsch], green peas [Pisum sativum L.], bell
peppers [Capsicum annum L.], blueberries [Vaccinium spp.] and
cherries [Prunus spp.]). Total production of fruit and vegetable crops
at the county level was based on the state yields calculated from the
USDA 2017 State Agriculture Overview for NY, rather than county
specific yields, while a county-specific yield could be used for field
crops. Selection of crops to include in the analysis was based on
those listed in the USDA 2017 State Agriculture Overview for NY,
which contains information for the crops contributing most to the
total value (in US dollars) of crop production in NY. The crops
included in the following analysis accounted for 97% of the harvested
cropland in NY in 2017.

10.3389/frsus.2024.1352296

The USDA 2017 CoA defines harvested cropland as “land from
which crops were harvested and hay was cut, land used to grow short
rotation woody crops, Christmas trees, and land in orchards, groves,
vineyards, berries, nurseries, and greenhouses” Land from which two
or more crops were harvested was counted only once. The following
were not included: land occupied by tapped maple (Acer spp.) trees,
defined as permanent pasture and rangeland (grazable land that does
not qualify as woodland pasture or cropland pasture and cannot
be cropped without improvements), defined as idle, used for cover
crops or soil improvement but not harvested and not pastured or
grazed, cropland on which all crops failed, cropland in summer fallow,
and other pasture or grazing land that could have been used for crops
without additional improvements (USDA NASS, 2019a).

Harvested crop nutrient removal values for forage crops were
taken from the updated database of the Cornell Net Carbohydrate and
Protein System v.6.5 (CNCPS; Higgs et al., 2015). For small grains,
fruit and vegetable crops, the USDA NRCS PLANTS Database Crop
Nutrient Tool (USDA NRCS, 2023; Table 1) was used. Atmospheric N

TABLE 1 The dry matter (DM), nitrogen (N) and phosphorus (P) content of the field, fruit and vegetable crops contributing most to the total value (in US
dollars) of crop production in New York.

Dry matter Total N Total P N content P content
% % DM % DM kg Mgt kg Mg
Field crops
Corn, grain 88 1.44 0.30 12.70 2.64
Corn, silage 33 1.41 0.26 4.65 0.86
Barley 88 2.00 0.46 17.60 4.05
Oat 92 2.06 0.49 19.00 4.51
Wheat 89 2.40 0.42 21.40 3.74
Soybean 90 6.69 0.65 60.20 5.85
Hay, alfalfa 90 3.36 0.31 30.20 2.79
Haylage, alfalfa 35 3.36 0.29 11.80 1.02
Hay, other 89 1.89 0.31 16.80 2.76
Haylage, other 38 237 0.33 9.01 1.25
Fruit and vegetable crops
Apple 14 0.19 0.06 0.27 0.08
Blueberry 16 0.74 0.08 1.19 0.13
Cabbage 8 1.92 0.34 1.54 0.27
Eggplant 8 1.97 0.30 1.57 0.24
Grape 19 0.61 0.11 1.15 0.21
Peach 12 1.21 0.18 1.46 0.22
Pea, Green 21 4.13 0.51 8.67 1.07
Pumpkin 12 1.40 0.38 1.68 0.46
Potato 28 1.07 0.17 2.99 0.48
Pepper, sweet 7 2.22 0.31 1.56 0.22
Snap bean 10 3.04 0.39 3.04 0.39
Squash, summer 5 3.87 0.76 1.94 0.38
Squash, winter 8 2.00 0.55 1.60 0.44
Strawberry 9 1.14 0.22 1.02 0.20
Sweet corn 24 2.18 0.37 5.22 0.89

Frontiers in Sustainability

03

frontiersin.org


https://doi.org/10.3389/frsus.2024.1352296
https://www.frontiersin.org/Sustainability
https://www.frontiersin.org

Godber et al.

deposition was estimated at 9.2kgha™" (8.21b. ac™") on all harvested
cropland acres (legume and non-legume), in agreement with earlier
N balance studies for NY (Swink et al, 2011). Assessment of
atmospheric N fixation by legume crops (alfalfa, soybeans, snap beans,
and green peas) was also kept consistent with the values used in Swink
etal. (2011) and Meisinger and Randall (1991).

2.3 Fertilizer supply

Fertilizer sale estimates of the US Geological Survey (Falcone,
2021) were used due to a lack of recorded sales for the period of study.
In this approach, eleven predictor variables (percentage of county
cropland area in corn, pasture crops, N-fixing crops, small-grain
crops, other miscellaneous crops, dollars spent on fertilizer divided
by fertilizer-price index per county, mass of N or P from manure per
county, annual evapotranspiration, annual precipitation, fertilized
cropland area, and population density of the county) were used
against AAPFCO-derived data in random forests decision-tree
models for the USDA Census of Agriculture years 2002, 2007 and
2012. The proportion of farm versus non-farm fertilizer usage was
calculated by relating the ratio of farm to non-farm usage to
population counts from 2000 and 2010 (as counties with more urban
areas tend to have a higher non-farm fertilizer usage), and those
ratios were applied to 2017. Full details of the methodology can
be found in Falcone (2021).

2.4 Livestock populations, manure
production and nutrient supply

Livestock populations were taken from the 2017 USDA CoA,
using end-of-year inventory (USDA NASS, 2019b). The categories of
livestock available were milk cows, beef cows, other cattle, total hogs,
poultry broilers, laying poultry, total turkeys, sheep (including lambs),
goats and horses. These livestock categories were then subdivided to
match the categories for which manure excretion rates are available
(MWPS, 1993; ASAE, 2005). All inventories were given in number of
head and were converted to animal equivalent units (AUs), where 1
AU equals 455kg (1,0001b) of live animal weight (Table 2; SRV, 2017).

Dairy cows were assumed to have a 60-day drying off period,
hence 16% of the dairy cows were assigned to the dry dairy cow
category and 84% to the lactating dairy cow category. Youngstock
inventory (dairy heifers, growing beef cattle, and calves) was calculated
as the total cattle inventory, minus dairy cow inventory, beef cow
inventory and bulls (bulls were assumed to be equal to 5% of the dairy
and beef cow numbers, which is equivalent to a 1 to 20 bull-to-cow
ratio). This estimated youngstock inventory was divided into dairy
youngstock and beef youngstock inventories at the same ratio as the
dairy-to-beef cows. The dairy youngstock inventory was divided
equally into males and females, with the males being moved into the
beef youngstock inventory, and the females again divided equally into
a less than one year old category (dairy calves) and a one to two years
old category (dairy heifers). The beef youngstock were divided into
pre-weaned calves (birth to approximately 10 months of age), growing
cattle (approximately 10 to 30 months of age) and finishing cattle
(approximately 31 to 36 months of age). Pre-weaned beef cattle were
assumed to be equal in number to the number of beef cows, and
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finishing cattle were assumed to be equivalent to the cattle on feed
category in the USDA Annual Bulletin data for NY in 2017, which
accounted for 1.5% of the total cattle inventory. The remaining beef
youngstock were assigned to the growing cattle category (USDA
NASS, 2018).

For hogs, only the total end-of-year inventory was available. It was
presumed that this remains constant throughout the year, and that the
breeding herd represented 14% of the total inventory. This is in line
with Kellogg et al. (2000), and USDA Survey data for NY in 2017,
which gives the breeding inventory separate to the total inventory. A
ratio of 1 to 20 boars-to-sows was assumed, and sows were assumed
to have a gestation length of 114 days, and a farrow-to-weaning period
of 35days. Hence, 77% of the sows were assigned to the gestation
category and 23% to the lactating category. Other hogs (87% of the
total hog inventory) were subdivided into nursery hogs and grow-
finish hogs. Based on the USDA Annual Bulletin data 32% of the total
hog inventory was assigned to nursery hogs and 54% to grow-finish
hogs (USDA NASS, 2018).

For poultry, the end-of-year inventory from the 2017 USDA CoA
was used for both broilers and layers and assumed to be constant
throughout the year. The end-of-year inventory for turkeys was
divided equally into toms (males) and hens (females).

The total inventory of horses and ponies from the 2017 USDA
CoA was divided equally between the sedentary and intense-exercise
categories. The total inventory of sheep (including lambs) and goats
from the 2017 USDA CoA was used without adjustment or
differentiation between meat and dairy (USDA NASS, 2019b).

Manure and nutrient excretion rates (as-excreted; Table 3) and
average animal bodyweights were taken from American Society of
Agricultural and Biological Engineers (ASAE, 2005) for cattle, hogs
and poultry, Mid-West Plan Service (MWPS, 1993) for horses and
sheep, and the Intergovernmental Panel on Climate Change (IPCC,
2019) for goats. Beef cow excretion rates only account for non-lactating
periods and the first six months of gestation. Although excretion rates
and animal bodyweights may have changed since these data were first
published, they are the most complete, currently available, data used
in similar nutrient balance studies, allowing comparison across studies
such as Andersen and Pepple (2017), Falcone (2021), Gronberg and
Arnold (2017), Kellogg et al. (2000, 2014), Meisinger and Randall
(1991), Saha et al. (2023), Spiegal et al. (2020), Swink et al. (2009,
2011) and Yang et al. (2016).

The manure excretion rates were adjusted using recovery
coefficients to account for the amount of manure that can be captured
and is available for land application (amount of recoverable manure;
Table 3). Recoverable manure from confined animals excludes any
manure deposited on pasture or lost during handling, and varies over
time, by region, and by farm size according to manure handling and
management practices. The recovery coefficients used in this study
were taken from Kellogg et al. (2014) who estimated recovery
coeflicients for 2017 based on time trend analysis of animal feeding
operations (confined animals) with comprehensive nutrient
management plans. Where possible, NY specific recovery coefficients
were used (finishing cattle, poultry broilers and poultry layers). For all
other categories, Northeast coefficients were used except for turkeys,
for which the national value was used due to lack of any region-
specific data. Where there were different recovery coefficients for
different farm sizes, a weighted average was taken (based on the
number of farms of each size).
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TABLE 2 The total animal units (AU) and animal density of livestock categories in New York at the state, regional and county level according to the 2017 United States Department of Agriculture Census of Agriculture.

Total AU Animal Dairy cows Dairy replacements Other cattle Poultry Sheep and Horses
density goats
AU AU ha! AU % AU % AU % AU AU AU
State 1,699,667 1.17 879,543 52 294,088 17 415,236 24 8,718 22,415 11,069 68,599 4
Central 378,831 1.35 207,840 55 64,427 17 88,020 23 679 5,019 1,790 11,056 3
Cayuga 107,859 171 59,174 55 21,779 20 25,000 23 146 107 419 1,235 1
Chenango 29,941 113 15,732 53 4,834 16 7,935 27 142 23 181 1,094 4
Cortland 30,844 1.58 17,020 55 5,312 17 7,661 25 19 10 71 750 2
Herkimer 24,650 113 14,494 59 3,415 14 5,676 23 82 43 181 760 3
Madison 45,427 1.28 25,777 57 7,422 16 10,049 22 64 16 178 1,921 4
Oneida 43,134 L15 23,166 54 7,536 17 10,129 23 126 22 262 1,893 4
Onondaga 60,967 1.64 35,774 59 8,903 15 10,161 17 14 4,755 116 1,244 2
Oswego 12,121 0.97 5,825 48 1,591 13 3,588 30 49 14 93 962 8
Otsego 23,887 0.89 10,878 46 3,636 15 7,821 33 38 29 289 1,197 5
Eastern 157,234 118 80,091 51 25,635 16 39,012 25 480 1,414 1,205 9,397 6
Albany 7,182 0.63 2,510 35 938 13 2,667 37 19 14 115 918 13
Fulton 3,642 0.94 2,008 55 357 10 730 20 14 16 82 434 12
Montgomery 30,171 1.05 16,789 56 5,160 17 6,749 22 37 21 177 1,239 4
Rensselaer 11,231 0.72 5,172 46 1,563 14 3,647 32 62 28 180 580 5
Saratoga 27,754 1.91 13,216 48 4,584 17 5,640 20 33 1,265 82 2,934 11
Schenectady 1,581 0.63 483 31 152 10 390 25 19 2 59 476 30
Schoharie 16,435 0.77 7,745 47 2,434 15 5,104 31 69 27 245 812 5
Washington 59,236 1.67 32,169 54 10,447 18 14,084 24 226 40 266 2,004 3
Northeast 82,655 1.38 46,784 57 13,418 16 19,057 23 126 303 302 2,665 3
Clinton 38,407 1.42 23,176 60 6,302 16 7,900 21 26 3 55 946 2
Essex 6,016 0.80 1,963 33 873 15 2,436 40 64 36 106 539 9
Franklin 37,656 1.51 21,645 57 6,244 17 8,627 23 32 257 82 768 2
Northern 216,128 137 126,340 58 37,415 17 47,151 22 233 52 544 4,393 2
Jefferson 62,397 1.07 39,175 63 9,125 15 12,587 20 81 4 229 1,19 2
Lewis 68,985 1.80 37,978 55 14,141 20 16,005 23 68 10 90 693 1
St. Lawrence 84,746 1.39 49,188 58 14,148 17 18,559 22 85 38 224 2,504 3
Southeast 82,123 0.88 28,851 35 10,288 13 25,644 31 608 2,595 1,441 12,696 15
Columbia 18,431 0.83 9,510 52 2,377 13 4,536 25 123 40 231 1,614 9
(Continued)
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TABLE 2 (Continued)

Total AU Animal Dairy cows Dairy replacements Other cattle Poultry Sheep and Horses
density goats
AU AU ha! AU % AU % AU % AU % AU
Delaware 27,144 1.24 9,663 36 4,593 17 11,390 42 148 1 28 0 306 1 1,016 4
Dutchess 10,547 0.80 2,379 23 1,173 11 3,398 32 107 1 63 1 293 3 3,135 30
Greene 2,230 0.49 328 15 158 7 1,448 65 32 1 2 0 48 2 215 10
Orange 10,784 0.72 4,740 44 1,190 11 2,129 20 43 0 3 0 215 2 2,464 23
Sullivan 7,602 0.94 1,593 21 595 8 1,737 23 83 1 2,418 32 107 1 1,069 14
Ulster 3,314 0.45 553 17 141 4 822 25 26 1 23 1 156 5 1,594 48
Southern 80,621 1.06 41,194 51 12,475 15 20,753 26 307 0 89 0 1,265 2 4,539 6
Broome 14,172 1.30 6,670 47 2,247 16 4,012 28 27 0 12 0 82 1 1,123 8
Chemung 6,525 0.61 2,643 41 779 12 2,254 35 25 0 9 0 132 2 683 10
Schuyler 16,769 1.06 9,605 57 2,380 14 3,766 22 159 1 48 0 357 2 454 3
Tioga 17,843 1.00 7,895 44 2,945 17 5,399 30 53 0 11 0 537 3 1,004 6
Tompkins 25,311 1.22 14,381 57 4,124 16 5,322 21 43 0 10 0 157 1 1,275 5
Southwest 199,113 1.10 89,828 45 36,123 18 63,007 32 1,611 1 114 0 1,273 1 7,156 4
Allegany 30,260 1.04 11,648 38 5313 18 11,298 37 153 1 60 0 299 1 1,488 5
Cattaraugus 40,299 1.48 20,182 50 7,161 18 11,050 27 86 0 15 0 236 1 1,569 4
Chautauqua 49,530 117 26,443 53 8,590 17 12,170 25 90 0 33 0 257 1 1,947 4
Steuben 79,023 0.96 31,555 40 15,059 19 28,489 36 1,281 2 5 0 482 1 2,152 3
Western 489,169 1.06 258,530 53 92,462 19 114,304 23 4,284 1 1,075 0 3,183 1 15,330 3
Erie 32,058 1.00 16,304 51 5,571 17 7,520 23 127 0 33 0 196 1 2,306 7
Genesee 69,631 1.28 39,355 57 13,684 20 15,244 22 50 0 320 0 307 0 670 1
Livingston 67,773 1.27 40,324 59 11,152 16 13,214 19 71 0 9 0 1,150 2 1,852 3
Monroe 9,644 0.34 2,568 27 1,720 18 2,909 30 34 0 10 0 77 1 2,326 24
Niagara 24,327 0.64 12,614 52 4,183 17 5,939 24 52 0 21 0 134 1 1,384 6
Ontario 70,158 1.27 37,580 54 14,146 20 16,249 23 635 1 126 0 182 0 1,239 2
Orleans 10,670 0.28 4,984 47 1,344 13 3,033 28 2 0 11 0 118 1 1,179 11
Seneca 29,230 0.83 10,531 36 5,795 20 9,575 33 1,362 5 268 1 364 1 1,335 5
Wayne 21,683 0.56 10,340 48 3,156 15 5,093 23 1,853 9 12 0 146 1 1,082 5
Wyoming 118,763 1.97 66,119 56 24,676 21 26,589 22 63 0 10 0 293 0 1,014 1
Yates 35,232 1.29 17,809 51 7,036 20 8,937 25 35 0 255 1 216 1 943 3

The percentages indicate the contribution of each livestock category to the state, region or county total animal units. One animal unit is equivalent to 455 kg of live animal weight (SRM, 2017).
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A second calculation was done to determine recoverable manure
nutrients, defined as the amount of nutrients in the recoverable
manure after accounting for losses during collection, transfer, storage,
treatment, spillages or incidental losses, and, for N, volatilization and
denitrification (Table 3). The recoverable nutrient fractions were taken
from Kellogg et al. (2014) for all animal categories with exception for
milk cows. As noted by MacDonald et al. (2009), these calculations are
based on assumptions of typical production practices. Actual manure
and nutrient production can vary with feed characteristics, the feeding
regimen, breeding, and animal performance. Losses during the land
application process were not included. Finally, adjustments were made
for available N, the amount of ammonium N available for plant
uptake, which was set at 50% N availability based on Ketterings and
Workman (2023).

2.5 Overall phosphorus balance

The overall P balance was initially calculated by dividing the
difference between P supplied (in recoverable manure and purchased
fertilizer) and harvested crop removal of P by the total harvested
cropland (Equation 1). The balance was then recalculated considering
P losses during storage and handling as well (Equation 2).

P balancebefure storage losses =

Pfertilizer + Pmanureyecoverable before storage losses
—Pcrop removal

— 1
croplandparvested
P balanceafter storage losses =
Pfertilizer + Pmanureyecoverable afier storage losses
—Pcrop removal
2

croplandparyested

It should be noted that these are partial P balances as not all
cropland P inputs and outputs can be accurately determined. It should
be recognized that P balances are a snapshot, as both nutrient inputs
and crop removal (or yield) will be impacted by the weather and
management in a specific year.

2.6 Overall nitrogen balance

The overall N balances for individual counties, regions, and the
state were estimated with and without inclusion of N fixation to
account for two different assumptions of N application to legume
fields. First, the N balances for the scenario where manure and N
fertilizer were not applied to legume cropland (Nbalance e only on
non-legume cropland before storage losses) Were calculated by dividing the difference
between N supplied (in recoverable manure and purchased N
fertilizer, atmospheric deposition of N and legume fixation of N) and
harvested crop removal of N by the total harvested cropland
(Equation 3). This scenario assumes legumes received N inputs from
atmospheric deposition and N fixation only.
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Nbalancemanyre only onnon—legume cropland before storage losses =
Nfertilizer + Nmanureyecoverable before storage losses
+Natmospheric deposition + Nlegume fixation

—Ncrop removalyyg)

croplandpayyested

A second scenario in which manure was applied to all cropland
including legume cropland (Nbalance,,aure on all cropland before storage lossess
Equation 4) was calculated by dividing the difference between the
N supplied (in recoverable manure, purchased N fertilizer and
atmospheric deposition of N) and the harvested crop removal of
N by all cropland, legumes included, by the total harvested
cropland. This scenario assumes N needs of the legume crops is
supplied by manure addition to legume cropland. Reality will lie
between these two scenarios, as manure and purchased N fertilizer
are likely to have been applied to some but not all legume cropland,
and therefore some legume fixation of N will have occurred.
Additionally, some studies suggest there could still be some
legume fixation of N with fertilizer and manure applications, and
even a higher rate of N fixation in some situations where manure
was applied (Shi et al, 2021; Guo et al, 2023). Due to the
uncertainty in the rate of manure N application and N fixation in
legume cropland, only the extreme scenario of no N fixation
was calculated.

NI bakmcemanur@on all cropland before storage losses =

Nfertilizer + Nmanureyecoverable before storage losses
+Natmospheric deposition — Ncrop removalyyg;

(4)

croplandpgpyested

From the recoverable manure, the N lost during storage due
to volatilization and denitrification, and availability of N when
applied to cropland, was calculated as well. As with the P balances,
these are partial N balances as not all cropland N inputs and
outputs can be accurately determined. For example, N inputs and
soil credits from previous crops, use of cover crops, and
mineralization of organic N from previous manure applications
are not included.

2.7 Other calculations and limitations

To assess any potential impact of animal density and its interaction
with source of nutrients (manure versus purchased fertilizer) and
legume production, the following parameters were calculated for
county, regional and state level assessments:

o Animal density or total AUs divided by the total harvested
cropland area (where 1 AU is equal to 455kg or 1,0001b. of live
animal weight; SRM, 2017).

The ratio of manure N and P to purchased N and P.

 The N to P ratio of manure, purchased fertilizer, total nutrient
input, and crop removal.

o The percentage of legume cropland.

o The percentage of manured cropland, and average manure N and
P application rates.
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TABLE 3 Average animal weight, animal units (AU), nitrogen (N) and phosphorus (P) excreted in manure, fraction of recoverable manure, and fraction of
recoverable nutrients for livestock categories in New York, where one AU is equivalent to 455 kg or 1.000 lb. of live animal weight (SRM, 2017).

Average Average Manure as excreted Recoverable Recoverable nutrients

animal  animal manure

weight units

kg AU kgNAUty?! kgPAU1!y? % %P kgNAU'y?! kgPAU1'y!

Cattle
Cow (dairy) 645 1.4 108 18 0.72 040 | 095 31 12
Heifer (dairy) 420 0.9 44 8 0.66 040 | 0.90 12 5
Calf (dairy) 150 03 70 12 0.76 040 | 0.90 21 8
Cow (beef) 455 1.0 70 16 0.76 040 | 0.90 21 11
Fattening (beef) 445 1.0 61 8 0.66 040 | 0.90 16 5
Growing (beef) 90 0.2 242 46 0.76 040 | 0.90 74 31
Hogs
Breeding 200 0.4 37 11 0.76 025 | 0.90 7 7
Growing 57 0.1 93 16 0.81 025 | 0.90 19 12
Poultry
Turkey 6.0 0.01 94 27 0.94 030 | 095 26 25
Laying hen 13 0.003 192 60 0.83 0.60 | 0.85 96 43
Broiler 13 0.003 160 47 0.98 0.69 | 0.95 108 43
Sheep 45 0.1 70 15 0.95 053 | 0.90 35 12
Goat 45 0.1 76 16 0.50 030 | 0.90 11 7
Horse 500 1.1 50 8 0.83 030 | 0.90 12 6

o The percentage of cropland receiving purchased fertilizer, and
average N and P fertilizer application rates (this assumes that all
cropland reported as fertilized received both N and P
applications, and the rates are therefore likely to
be an underestimation).

» Manure P surplus or deficit (a) when compared to crop removal
of non-legume cropland, and (b) when surplus manure P is
applied to legume cropland in addition to non-legume cropland.

« Manure N surplus or deficit when manure is applied to crop P

removal, with N application rate based on the manure N to P ratio.

This study assumes that all manure and fertilizer was applied in
the county or region it was produced or purchased and that no N
fixation occurs when legumes receive manure or fertilizer N. In
addition, it should be recognized that:

o These results are a snapshot for the year 2017 and do not
necessarily represent nearby years due to weather related
variations in year-to-year crop yields, carryover of fertilizer
nutrients into a following growing season, and crediting of
multiple years of nutrient applications.

« Some data from the USDA CoA cannot be shared to avoid
disclosure of information about individual farm operations. In
these cases, data were taken from the previous (2012) USDA CoA
when available or counted as zero when not available.

o Use of sexed semen in dairy production is likely to alter the ratio
of male to female cattle youngstock inventories, which could not
be accounted for in this assessment.
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o Manure estimates and coefficients and AU may not fully
represent feeding rations and manure management practices of
all NY livestock farms.

Nitrogen losses during manure application are not accounted for

separately due to the wide range in N losses associated with
different application methods (Ketterings and Workman, 2023),
and a lack of available information on current manure application
methods used in NY. Thus, nutrient losses from land application
of manure are part of the balance.

Nutrients in crop residue were not accounted for as a harvested
crop nutrient export because the majority of cropland in NY is in
forage crops (corn silage, alfalfa and grass) where whole plants
are harvested leaving little crop residue of significance. In
addition, corn grain and soybean residues are commonly left in
the field and therefore not a nutrient removal. Small grains could
leave straw that may be harvested but this is a small area and their
residue is a minor contribution to nutrient balances.

3 Results
3.1 Characterization of NY agriculture

In 2017, the USDA CoA (USDA NASS, 2019b) shows that NY
had almost 1.5 million ha (3.7 million ac) of harvested cropland of

which approximately 30% were corn (split equally between corn
grain and corn silage), 30% were non-alfalfa hay and haylage, and
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20% were alfalfa hay and haylage. Approximately 10% were
harvested for soybeans and small grains (predominantly wheat and
oats) and 5% were harvested for fruit and vegetables (Figure 1A;
Table 4).

The western region had the most harvested cropland in 2017
(almost 0.5 million ha or 1.2 million ac, a third of the total harvested
cropland in NY), followed by the central region (almost 0.3 million
ha or 0.7 million ac, and 20% of the total harvested cropland in NY)

10.3389/frsus.2024.1352296

(Figure 1A). In contrast the northeast region had less than 60,000 ha
(148,000ac). The Adirondack Mountain range, within the northeast
region, is largely unsuitable and unavailable for
agricultural purposes.

Corn (for both grain and silage) was the prominent crop in the
western region, while non-alfalfa hay and haylage production
accounted for the largest proportion of harvested cropland in all

other regions (Table 4). Alfalfa hay and haylage production
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FIGURE 1
Total harvested cropland by county, and breakdown of the major crops harvested by region (A), and (B) total animal equivalent units (AU; 1AU = 455kg
live animal weight; SRM, 2017) by county, breakdown of the main livestock types by region, and animal density (AU ha™), according to the 2017
United States Department of Agriculture Census of Agriculture for New York.
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TABLE 4 The total harvested cropland for the major crops produced in New York at the state, regional and county level according to the 2017
United States Department of Agriculture Census of Agriculture.

Total Corngrain  Non-alfalfa Alfalfa hay = Small grain Fruit and Undefined

harvested and silage hay and and haylage vegetables

cropland haylage

F % ha % ha % ha % ha
State 1,449,836 420,995 29 | 422503 | 29 310,925 21 175,093 12 74932 5 45,390 3
Central 280,377 19 84,119 30 | 76,468 27 74,075 26 34,341 12 3,560 1 7,813 3
Cayuga 63,143 4 24,453 39 4,324 7 16,298 26 15,576 25 432 1 4,900 8
Chenango 26,461 2 5,086 19 14,789 56 5,568 21 594 2 153 1 271 1
Cortland 19,532 1 5,787 30 7,738 40 4,588 23 849 4 67 0 609 3
Herkimer 21,889 2 5,315 24 7,374 34 7,344 34 1,214 6 112 1 593 3
Madison 35,492 2 10,530 30 9,138 26 10,699 30 3,324 9 913 3 1,455 4
Oneida 37,522 3 10,991 29 11,261 30 9,432 25 4,305 11 515 1 1,472 4
Onondaga 37,107 3 14,789 40 2,616 7 11,534 31 6,295 17 934 3 3,081 8
Oswego 12,511 1 2,414 19 5,304 42 1,969 16 1,210 10 308 2 1,306 10
Otsego 26,719 2 4,754 18 13,923 52 6,643 25 974 4 127 0 315 1
Eastern 133,533 9 31,139 23 53,808 40 39,122 29 3,661 3 2,351 2 3,452 3
Albany 11,460 1 1,123 10 6,899 60 2,679 23 62 1 382 3 315 3
Fulton 3,881 0 746 19 1,788 46 1,017 26 32 1 45 1 253 7
Montgomery 28,712 2 6,868 24 8,734 30 10,471 36 2,082 7 113 0 551 2
Rensselaer 15,519 1 4,002 26 5,656 36 3,914 25 750 5 610 4 587 4
Saratoga 14,502 1 4,429 31 4,958 34 3,783 26 256 2 225 2 851 6
Schenectady 2,510 0 106 4 1,591 63 556 22 20 1 147 6 90 4
Schoharie 21,402 1 3,473 16 10,408 49 6,484 30 248 1 442 2 347 2
Washington 35,547 2 10,391 29 13,773 39 10,216 29 212 1 387 1 568 2
Northeast 59,781 4 16,726 28 | 23,115 39 14,938 25 1,083 2 2,106 4 39,866 67
Clinton 27,133 2 9,521 35 10,057 37 5,103 19 334 1 1,470 5 647 2
Essex 7,490 1 639 9 4,269 57 1,981 26 1 0 113 2 486 6
Franklin 24,891 2 6,566 26 8,645 35 7,793 31 747 3 518 2 634 3
Northern 157,515 11 44234 28 67,734 43 36,703 23 6,702 4 313 0 1,828 1
Jefferson 58,203 4 15,677 27 26,384 45 11,597 20 3,832 7 134 0 1,723 3
Lewis 38,412 3 12,596 33 13,543 35 10,848 28 717 2 70 0 879 2
St. Lawrence 60,900 4 15,962 26 27,807 46 14,257 23 2,154 4 110 0 610 1
Southeast 93,451 6 14,726 | 16 = 49,800 53 12,373 13 4,373 5 5,456 6 68,895 74
Columbia 22,209 2 6,360 29 6,647 30 3,567 16 2,486 11 1,096 5 2,268 10
Delaware 21,858 2 2,799 13 15,366 70 3,163 14 221 1 141 1 168 1
Dutchess 13,106 1 2,326 18 5,976 46 3,015 23 536 4 466 4 885 7
Greene 4,533 0 440 10 2,760 61 693 15 34 1 41 1 579 13
Orange 15,011 1 1,927 13 7,964 53 967 6 929 6 1,228 8 2,066 14
Sullivan 8,113 1 294 4 7,307 90 321 4 - 0 37 0 154 2
Ulster 7,294 1 573 8 2,878 39 647 9 164 2 2,407 33 625 9
Southern 75,942 5 17431 | 23 | 34411 45 15,041 20 5,130 7 1,198 2 2,730 4
Broome 10,923 1 2,499 23 6,013 55 1,823 17 - - 172 2 417 4
Chemung 10,784 1 2,728 25 4,719 44 2,223 21 697 6 130 1 288 3
Schuyler 15,770 1 3,426 22 6,580 ) 3,290 21 1,632 10 455 3 863 5
Tioga 17,768 1 3,799 21 9,637 54 3,051 17 707 4 98 1 477 3

(Continued)
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Total Corn grain  Non-alfalfa Alfalfa hay = Small grain Fruit and Undefined

harvested and silage hay and and haylage vegetables

cropland haylage

ha % gF] % ha % gF] % ha
Tompkins 20,697 1 4,979 24 7,463 36 4,654 22 2,094 10 344 2 1,839 9
Southwest 181,167 12 48,682 | 27 | 68,746 38 32,525 18 14,067 8 | 10,840 6 6,307 3
Allegany 29,149 2 6,868 24 13,463 46 4,736 16 1,816 6 157 1 2,961 10
Cattaraugus 27,253 2 7,202 26 12,489 46 4,470 16 2,140 8 119 0 1,143 4
Chautauqua 42,282 3 12,304 29 15,213 36 3,427 8 2,753 7 6,911 16 2,103 5
Steuben 82,483 6 22,308 27 27,582 33 19,892 24 7,359 9 3,652 4 3,806 5
Western 460,100 32 163,457 = 36 | 48,872 11 85,324 19 104,519 23 36,635 8 21,294 5
Erie 32,122 2 8,290 26 11,589 36 5,510 17 3,774 12 1,264 4 2,563 8
Genesee 54,194 4 19,472 36 2,916 5 12,485 23 10,078 19 | 535 10 7,924 15
Livingston 53,266 4 21,830 | 41 4,286 8 11,296 21 12,839 | 24 505 1 7,987 15
Monroe 28,301 2 9,653 34 1,037 4 2,570 9 10316 | 36 | 2378 8 6,620 23
Niagara 38,056 3 13,040 34 5,770 15 5,913 16 10,078 | 26 | 2,158 6 4,847 13
Ontario 55,188 4 20,486 37 5,189 9 11,055 20 15298 | 28 1,499 3 6,923 13
Orleans 37,664 3 13,842 37 2,075 6 3,193 8 11,005 29 | 5576 15 4,186 11
Seneca 35,041 2 12,614 36 3,373 10 4,534 13 12,279 35 912 3 3,710 11
Wayne 38,694 3 11,032 29 2,408 6 2,716 7 10,090 | 26 | 9515 25 4,153 11
Wyoming 60,238 4 25859 43 6,869 11 18,937 31 4,269 7 4,481 7 2,015 3
Yates 27,335 2 7,338 27 3,360 12 7,115 26 4,492 16 2,991 11 3,891 14

The percentages indicate the contribution of each cropland category to the state, region or county total harvested cropland.

accounted for at least 25% of cropland harvested in the central,
eastern, and northeast regions. In total, 65% of the harvested
cropland in NY produced forage, ranging from 86% in the
northern region to 43% in the western region, and 30% of the total
harvested cropland was for legume production, ranging from 36%
in the central region to 17% in southern and southeast regions
(Table 5).

In total, 58% of the harvested cropland in NY received purchased
fertilizer in 2017 and 27% of harvested cropland received manure
(Table 5); as some cropland will have received both manure and
purchased fertilizer, this means that 16 to 42% of cropland did not
receive nutrients in the form of manure or purchased fertilizer. At the
state level, the manure to purchased fertilizer ratio was 0.46. Thus,
more than double the amount of cropland received purchased
fertilizer compared to manure. At the regional level, the manure to
purchased fertilizer ratio was highest in the northern region at 0.84,
and lowest in the western region at 0.29. At the county level, the
highest manure to fertilizer ratio was 2.40 in Sullivan County
(southeast region; impacted by poultry), and lowest in Monroe
County (western region) at 0.07.

The average animal density in NY was 1.17 AU ha™' (0.47 AUac™)
(Figure 1B). At the regional level, animal density ranged from
0.88 AUha™' (0.36 AUac™) in the southeast region, to 1.38 AUha™"
(0.56 AUac™) in the northeast region. At the county level, animal
density ranged from 0.28 AUha™" (0.11 AUac™") in Orleans County
(Western region), to 1.97 AU ha™' (0.80 AU ac™") in Wyoming County
(also Western region).
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Dairy cows accounted for over 50% of the AUs in 2017, and 69%
of AUs if their replacements are included (Table 2). Other cattle
accounted for an additional 24% of AUs in NY; the remaining 7% of
AUs were made up of hogs, poultry, sheep, goats, horses, and ponies.
At the regional and county level, the western region had the highest
population of dairy cows at almost 260,000 head, and Wyoming
County (situated in the Western region) had the highest population at
the county level (over 66,000 head).

3.2 Phosphorus balances

The 2017 P balance for NY was 10kg P ha™" (91b. P ac™"), with
18kg P ha™' (161b. P ac™") from livestock manure (before taking into
account storage losses), 10kg P ha™' (91b. P ac™') from purchased
fertilizer, and —18kg P ha™ (—161b. P ac™') from crop removal
(Figure 2). Phosphorus balances were highest in the central, northeast,
and southeast regions (11kg P ha™" in all regions; 91b. P ac™') and
lowest in the southern region (6kg P ha™'; 51b. P ac™) (Table 6). At the
county level, balances ranged from —3kg P ha™' (—31b. P ac™') in
Chemung County (southern region) to 24kg P ha™' (211b. ac™) in
Saratoga County (eastern region). Chemung County was the sole
county with a negative P balance (Figures 2, 3).

Land to which manure was applied received an average application
rate of 63kg P ha™' (561b. P ac™) for NY (after storage losses), ranging
from 51kgha™ (461b. P ac™') in the northern region to 75kgha™"
(661b. P ac™") in the eastern region (Table 6). At the county level, the
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TABLE 5 The total harvested cropland, forage area, legume area, area receiving manure applications, area receiving purchased fertilizer applications,
and the nitrogen (N) to phosphorus (P) ratio of manure as excreted and after losses during storage in New York at the state, regional and county level
according to the 2017 United States Department of Agriculture Census of Agriculture.

Total Forage Legume Manure Fertilizer N:P ratio of N:P ratio of
harvested applied applied manure purchased
cropland fertilizer

ha ha % ha % As After
excreted losses
State 1,449,836 942,081 = 65 | 438550 = 30 387,145 27 | 837,687 58 5.5 2.4 5.5
Central 280,377 195099 | 70 | 100,102 36 91,638 33 159,968 57 5.6 24 5.5
Cayuga 63,143 34,053 54 28,563 45 16,525 26 49,171 78 5.6 24 5.9
Chenango 26,461 23,841 90 5,939 22 9,611 36 9,603 36 5.6 24 5.8
Cortland 19,532 15,952 82 5,246 27 8,523 44 10,358 53 5.6 24 5.6
Herkimer 21,889 18,462 84 8,218 38 7,115 33 8,968 41 5.6 24 5.9
Madison 35,492 24,829 70 13,639 38 12,593 35 18,483 52 5.6 24 52
Oneida 37,522 25,151 67 12,682 34 14,683 39 23,709 63 5.6 24 53
Onondaga 37,107 21,608 58 15,383 41 10,238 28 23,200 63 53 24 49
Oswego 12,511 8,606 69 3,156 25 4,059 32 6,681 53 55 24 5.6
Otsego 26,719 22,596 85 7,277 27 8,291 31 9,794 37 55 24 55
Eastern 133,533 112,540 | 84 | 41,995 31 29,485 22 57,096 43 5.5 2.4 5.5
Albany 11,460 10,156 89 2,694 24 860 8 2,406 21 5.4 23 55
Fulton 3,881 3,285 85 1,049 27 1,227 32 1,141 29 5.6 24 53
Montgomery 28,712 23,092 80 12,017 4 5,799 20 11,099 39 5.6 2.4 5.1
Rensselaer 15,519 11,123 72 4,605 30 2,248 14 7,715 50 55 24 53
Saratoga 14,502 11,591 80 4,037 28 5,073 35 7,796 54 53 24 53
Schenectady 2,510 2,223 89 556 22 219 9 526 21 5.6 23 4.8
Schoharie 21,402 18,746 88 6,688 31 3,639 17 6,558 31 55 24 57
Washington 35,547 32,323 91 10,349 29 10,420 29 19,855 56 5.6 24 6.3
Northeast 59,781 48,609 81 15,297 26 20,006 33 32,168 54 5.6 24 5.6
Clinton 27,133 20,567 76 5,103 19 9,204 34 16,631 61 5.7 24 5.8
Essex 7,490 6,641 89 1,983 26 549 7 1,484 20 5.4 23 5.9
Franklin 24,891 21,197 85 8,148 33 10,211 41 14,039 56 5.6 24 55
Northern 157,515 136,106 = 86 = 41,394 26 58,824 37 69,828 14 5.6 2.4 5.5
Jefferson 58,203 47,450 82 14,140 24 14,983 26 22,404 38 5.7 24 55
Lewis 38,412 34,769 91 11,219 29 19,866 52 19,721 51 5.6 24 6.0
St. Lawrence 60,900 53,887 88 16,035 26 23,975 39 27,702 45 5.6 24 52
Southeast 93,451 67,981 73 16,241 17 21,983 24 41,998 45 5.3 2.4 5.2
Columbia 22,209 12,250 55 5,760 26 3,413 15 12,622 57 5.6 24 5.0
Delaware 21,858 20,392 93 3,388 15 9,172 4 7,009 32 5.4 24 5.9
Dutchess 13,106 9,391 72 3,355 26 1,633 12 7,071 54 55 23 52
Greene 4,533 3,816 84 697 15 514 11 1,379 30 5.2 23 46
Orange 15,011 9,732 65 1,887 13 3,016 20 7,974 53 5.7 24 52
Sullivan 8,113 7,921 98 323 4 3,068 38 1,277 16 4.0 24 53
Ulster 7,294 3,577 49 826 11 961 13 4,190 57 55 22 52
Southern 75,942 59,057 78 18,269 24 17,017 22 29,206 38 5.6 2.4 5.3
Broome 10,923 9,822 90 1,824 17 2,760 25 4219 39 5.6 24 5.0
Chemung 10,784 7,525 70 2,718 25 1,772 16 3,661 34 55 23 5.9
Schuyler 15,770 11,800 75 4,293 27 2,099 13 5,240 33 5.6 24 5.0
(Continued)
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TABLE 5 (Continued)

Total Forage Legume Manure Fertilizer N:P ratio of N:P ratio of
harvested applied applied manure purchased
cropland fertilizer

ha ha % gF} % As After
excreted losses
Tioga 17,768 14,764 83 3,534 20 5,069 29 5,952 33 5.6 2.4 53
Tompkins 20,697 15,145 73 5,900 29 5,318 26 10,134 49 57 24 5.4
Southwest 181,167 124,239 69 39,110 22 47,654 26 97,394 54 5.5 2.4 5.3
Allegany 29,149 21,108 72 5,035 17 6,846 23 12,793 44 55 24 57
Cattaraugus 27,253 21,044 77 5,855 21 10,785 40 15,568 57 5.6 2.4 52
Chautauqua 42,282 25,164 60 5,309 13 12,028 28 27,553 65 5.6 2.4 5.1
Steuben 82,483 56,924 69 22,910 28 17,996 22 41,480 50 55 24 5.4
Western 460,100 198,045 43 161,048 35 100,253 = 22 | 343,025 75 5.6 2.4 5.6
Erie 32,122 21,459 67 8,418 26 8,506 26 18,919 59 5.6 2.4 5.6
Genesee 54,194 24,750 46 22,294 41 8,782 16 41,734 77 5.6 24 5.9
Livingston 53,266 25,032 47 18,685 35 12,239 23 39,837 75 5.7 2.4 58
Monroe 28,301 4,385 15 9,210 33 1,796 6 26,171 92 55 23 59
Niagara 38,056 15,278 40 11,973 31 5,644 15 27,032 71 56 24 5.1
Ontario 55,188 25,253 46 21,200 38 15,009 27 43,220 78 5.6 2.4 56
Orleans 37,664 6,271 17 13,661 36 3,084 8 31,750 84 55 2.4 55
Seneca 35,041 9,755 28 14,065 40 6,353 18 23,415 67 5.4 2.4 5.8
Wayne 38,694 7,441 19 11,376 29 3,930 10 30,459 79 5.6 2.3 5.1
Wyoming 60,238 45,151 75 20,437 34 22,740 38 42,936 71 5.6 24 6.1
Yates 27,335 13,269 49 9,730 36 12,170 45 17,553 64 55 2.4 4.9

The percentages indicate the contribution of each cropland category to the state, region or county total harvested cropland.

lowest rate of manure P application was 31kg P ha™' (271b. P ac™) in
Ulster County (southeast region) and highest in Essex County
(northeast region) at 160kg P ha™' (1431b. P ac™"). As noted among
study restrictions, these results assume all manure was applied in the
county or region it was produced in.

Land that received applications of purchased fertilizer received it
atarate of 23kg P ha™' (211b. P ac™) for NY as a whole, ranging from
19kg P ha™' (171Ib. P ac™) in the western region, to 33kg P ha™" (291b.
P ac™) in the northern and southern regions (Table 6). At the county
level, Ulster County (southeast region) had the lowest purchased
fertilizer rate at 12kg P ha™' (111b. P ac™"), and Albany County and
Schenectady County (both eastern region) had the highest at 43kg P
ha! (381b. P ac™).

3.3 Nitrogen balances

The 2017 N balance for NY was between 39kgNha™ (351b. Nac™),
assuming manure was applied to all cropland, and 95kgNha™'
(85Ib. Nac™), when it was assumed that only non-legume cropland
received manure (Figure 4). Both scenarios assume no losses of N
through volatilization and nitrification during application and that all
N in manure is available. For NY, 101kgNha™" (901b. Nac™) was from

manure (before storage and land application losses), 57kgNha™'

1

(511b. Nac™) was from purchased fertilizer versus —128 kgNha~

Frontiers in Sustainability

13

(—1141b. Nac™) from crop removal, of which —75kgNha™
(—671b. Nac™) is from non-legume crops (Table 7). Potentially,
9.2kgha™ (8.21b. ac™') could be added through atmospheric
deposition and 56kgNha™" (501b. Nac™) through N fixation by
legumes, with legume crops removing —53kgNha™' (—471b. Nac™).

If it is assumed that none of the legume cropland received
manure or purchased N, the highest N balance at the regional level
was in the central region (106kgNha™'; 941b. Nac™) and the
lowest in the southern region (67 kg N'ha™'; 601b. Nac™") (Table 7).
In a scenario where all cropland receives manure or purchased N
fertilizer, the highest balance was in the northeast region
(46kgNha™'; 411b. Nac™), and the lowest was in the southern
region (19kgNha™; 171b. Nac™).

At the county level, the highest N balance for the scenario where
manure and purchased fertilizer N was applied only to non-legume
cropland ranged from 21kgNha™' (191b. Nac™) in Chemung County
(southern region) to 164kg Nha™' (1461b. Nac™") in Wyoming County
(western region; Figures 4, 5). In the scenario where manure and
purchased fertilizer was applied to all cropland (legume and
non-legume) and N fixation was not accounted for, the lowest balance
was still in Chemung County (—28kgNha™'; —251b. Nac™, southern
region), and the highest N balance was in Saratoga County
(103kgNha™; 921b. Nac™, eastern region; Figures 4, 5).

The average N application with manure on cropland receiving
manure according to the 2017 USDA CoA (USDA NASS, 2019b), was
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Western
0

FIGURE 2

Manure phosphorus (P) (A), purchased fertilizer P (B) and crop removal of P (C) at the New York county level for 2017, and the available manure P, lost
manure P, purchased fertilizer P, and crop removal by non-legume and all crops at the regional and state level (D), and the P balance at the county,
regional and state level (D). Counties in gray were excluded from the analysis

- P removal — non-legumes
P removal — legumes
0 - P input — fertilizer

10

P input — recoverable manure

30

NY State P balance = 10 kg P ha*

378kgNha™" (3371b. Nac™) before storage and land application
losses, and 153kgNha™' (1361b. Nac™) after storage losses (Table 7).
At the regional level, manure N application rates ranged from
124kgNha™" (1111b. Nac™) in the southeast region, to 179kgNha™'
(1591b. Nac™) in the eastern region, after storage losses. At the
county level, manure N application rates after storage losses ranged
from 65kgNha™" (581b. Nac™) in Ulster County (southeast region)
to 371kgNha™" (3311b. Nac™') in Essex County (northeast region)
assuming all manure was applied in the county or region that it was
produced. The 2017 USDA CoA does not separate legume and
non-legume area that received manure, meaning that an application
rate for the scenario where manure is only applied to non-legume
cropland cannot be calculated.

The average purchased fertilizer application rate of N,
considering the amount of cropland receiving fertilizer according
to the 2017 USDA CoA (USDA NASS, 2019b), was 98kgNha™'
(881b. Nac™). At the regional level, purchased fertilizer N
application rates ranged from 77kgNha™ (691b. Nac™) in the
northeast region, to 124kgNha™ (1111b. Nac™) in the southeast
region. At the county level, purchased fertilizer application rates
ranged from 67kgNha™' (60lb. Nac™) in Chenango County
(central region), to 192kgNha™" (1711b. Nac™) in Schenectady
County (eastern region).

Frontiers in Sustainability

3.4 Nitrogen to phosphorus ratio

At the state level, the N to P ratio of manure supply before storage
and land application losses was 5.5, meaning that for every kg of
manure P ha™', there were 5.5kg of N ha™". This ratio was 2.4 after
storage losses were accounted for, and would be lower if application
losses could also be included. There was little variation in this ratio for
manure nutrients among regions and counties (Table 5).

The N to P ratio for purchased fertilizer at the state level was also
5.5, meaning that 5.5kg Nha™" was applied for every kg of fertilizer P
ha™". The highest N to P ratio for purchased fertilizer at the regional
level was 5.6 (for both the northeast and western regions), and lowest
was 5.2 (southeast region). At the county level, N to P ratios for
purchased fertilizer ranged from 4.6 in Greene County (southeast
region) to 6.3 in Washington County (eastern region; Table 5).

The N to P ratio of crop nutrient removal of all cropland, including
legumes, was 7.0 at the state level. This ratio ranged from 6.7
(southwest region) to 7.2 (central and eastern regions) at the regional
level, and from 6.1 (Ulster County, southeast region) to 7.7 (Essex
County, northeast region) at the county level. The N to P ratio of crop
nutrient removal of non-legume cropland was 5.5 at the state level,
ranging from 5.3 (western region) to 5.8 (northern and southeast
regions) at the regional level, and from 5.0 (Orleans and Wayne
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TABLE 6 The phosphorus (P) inputs, crop P removal, P balance, average manure P application rates and average purchased fertilizer P application rates
for harvested cropland in New York at the state, regional and county level.

P from P from P crop removal P balance Average manure P Average
recoverable purchased application rate fertilizer P
livestock manure fertilizer application
rate
Before After Non- All Before After
losses losses legume crops losses losses
crops

kgha?*  kgha kg ha kg ha kg ha! kg ha kgha®t  kgha kg ha!
State 18 17 10 13 18 10 69 63 23
Central 21 19 9 13 19 11 63 59 23
Cayuga 27 25 13 15 23 17 103 95 19
Chenango 17 16 4 12 16 5 46 43 34
Cortland 24 22 7 16 20 11 55 51 30
Herkimer 16 15 6 12 17 5 49 45 28
Madison 19 18 7 13 19 8 54 50 25
Oneida 17 16 10 13 18 10 44 41 20
Onondaga 27 25 13 15 21 18 97 89 23
Oswego 13 12 11 10 13 11 41 38 19
Otsego 13 12 5 11 14 4 43 40 30
Eastern 18 16 7 12 16 9 81 75 28
Albany 9 8 6 9 12 3 123 112 43
Fulton 12 11 8 12 15 5 37 34 40
Montgomery 16 15 8 10 16 7 78 72 27
Rensselaer 10 10 9 11 15 4 72 66 23
Saratoga 32 29 10 14 18 24 91 83 26
Schenectady 8 7 8 9 12 4 90 83 43
Schoharie 11 10 5 11 15 1 66 61 37
Washington 25 23 6 14 18 14 87 80 25
Northeast 21 19 7 14 18 11 62 58 26
Clinton 21 20 8 17 20 9 62 58 28
Essex 13 12 3 8 11 5 175 160 38
Franklin 23 21 8 12 17 14 56 52 22
Northern 21 19 6 14 19 8 55 51 33
Jefferson 16 14 6 14 18 3 60 56 37
Lewis 28 26 7 16 22 14 55 51 31
St. Lawrence 21 19 7 14 18 10 53 49 30
Southeast 14 13 11 11 14 11 58 53 24
Columbia 11 10 14 13 17 9 74 68 22
Delaware 21 19 5 12 14 11 49 45 38
Dutchess 12 10 12 10 13 10 92 84 19
Greene 8 8 7 8 11 5 74 67 27
Orange 9 8 15 11 14 10 45 4 21
Sullivan 25 22 2 10 10 17 66 59 62
Ulster 5 4 18 7 8 15 34 31 12
Southern 16 14 7 13 16 6 70 64 33
Broome 19 18 6 14 16 9 76 70 36

(Continued)
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TABLE 6 (Continued)
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P from P from P crop removal P balance @ Average manure P Average
recoverable purchased application rate fertilizer P
livestock manure fertilizer application
rate
Before After Non- All Before After
losses losses legume crops losses losses
crops

kghat kgha kg ha™ kg ha™ kg hat kg ha™ kgha = kgha™ kg ha!
Chemung 8 8 5 13 16 -3 50 46 37
Schuyler 15 14 8 11 14 9 115 107 32
Tioga 15 14 6 13 16 6 54 49 38
Tompkins 18 17 7 13 18 7 70 65 28
Southwest 17 16 9 14 17 9 66 61 25
Allegany 17 15 6 13 16 7 72 66 30
Cattaraugus 23 21 9 14 18 14 57 53 25
Chautauqua 18 16 12 15 17 13 62 58 23
Steuben 16 14 8 13 17 6 73 66 26
Western 17 15 14 14 20 10 76 70 19
Erie 15 14 12 14 18 9 57 52 23
Genesee 20 19 14 14 21 14 126 116 18
Livingston 19 18 12 16 22 9 83 77 21
Monroe 5 5 19 14 20 4 82 75 15
Niagara 10 9 15 14 20 4 65 60 20
Ontario 20 19 12 15 22 10 74 68 19
Orleans 4 4 17 14 20 1 47 43 16
Seneca 14 13 12 13 20 6 78 71 19
Wayne 8 8 17 11 16 10 80 74 14
Wyoming 31 29 13 18 24 20 83 76 25
Yates 21 19 16 11 17 20 47 43 18

County; both western region) to 6.2 (Delaware and Sullivan County,
both southeast region) at the county level. Note that there may have
been a small additional amount of nutrients removed in crop residues
from some small grain cropland.

When the maximum atmospheric deposition and legume fixation
of N were included as nutrient inputs, the state level N to P ratios were
9.2 and 3.4, before and after manure N storage losses, respectively.

3.5 Impact of manure application to
legume cropland

In NY, an estimated 27% of the total cropland received manure in
2017 (Table 5). If it is assumed that this manure was only applied to
non-legume cropland (which accounted for 70% of cropland in the
state), 57% of non-legume cropland received manure.

If it is assumed that manure was applied only to non-legume
cropland, 15 of the 50 counties had a P deficit (after storage losses),
still needing purchased P fertilizer to balance crop P removal in
harvested product. If counties with manure P above crop removal only
applied what was necessary to balance non-legume crop removal and
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excess manure was redistributed to counties within the same region
that had a manure P deficit on non-legume cropland, no individual
region would have a P deficit and the state manure P surplus would
amount to just 3kg P ha™ (31b. Pac™).

If it is assumed that manure was applied to all cropland
(non-legume and legume), 35 of the 50 counties had a P deficit (after
storage losses) and still required purchased P fertilizer to meet crop
removal. If it is assumed that surplus manure (after application to
crop P removal) at the county level was moved to other counties
within the same region for application to both non-legume and
legume cropland, the central, southern, southeast and western
regions would have a P deficit (maximum of —5kg P ha™ in the
western region; —41b. P ac™), and require additional purchased P
fertilizer to meet P removal with harvest. If manure was applied to all
cropland and redistributed from counties and regions with a manure
P surplus (after application to crop P removal) to those with a P
deficit throughout NY, there would be a small P deficit of —1kg P ha™
(—11Ib. P ac™). These estimations considered estimated storage losses.
At the state level, there was sufficient manure P to supply 98% of the
total (non-legume and legume) crop P removal before storage losses
and 92% when storage losses were considered.
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FIGURE 3
The available manure phosphorus (P), lost manure P, purchased fertilizer P, crop removal by non-legume and all crops or New York counties in 2017.
Counties are ordered from lowest P balance (left of figure) to highest P balance (right of figure), where the P balance is equal to the difference between
total P inputs and P removal (all crops). The number in parentheses indicates the animal density of the county in animal units (AUs) per ha, where 1
AU = 455kg live animal weight (SRM, 2017). The asterisks indicate counties where the crop P requirement could be met by manure P alone, provided
there are no further nutrient losses during application.

If manure is applied only to non-legume cropland at rates that
do not exceed P removal by the crop, 38 of the 50 counties would
have had an N deficit before storage and land application losses and
all counties would have an N deficit once storage losses were
considered, indicating a need for purchased fertilizer N to meet crop
N removal in NY. If land application losses could be estimated
accurately and separated within the balance, the deficit would
be even greater. At the state level, if manure was applied to meet but
not exceed crop P removal, manure N supplied 99% of the
non-legume crop N removal before storage and land application
losses, and 43% of non-legume N requirements after storage losses
were considered. If it is assumed that only approximately 50% of this
N was in ammonium form and available for crop removal, this
resulted in an N deficit of 56 kg Nha™' (501b. Nac™') on non-legume
cropland for the state, almost identical to the amount of purchased
N fertilizer (57kgha™'; 511b. Nac™).

Both P and N balances increased as animal density increased at
the county level (Figures 6A,B). At the state level, 64% of P applied to
cropland came from manure, and 25% of N (after storage losses and
potential atmospheric deposition of N). Counties with higher animal
densities tended to apply a higher proportion of their nutrients in the
form of manure, although for both P and N this trend flattened above
approximately 1.0 AUha™ (0.40 AU ac™; Figure 6C).

4 Discussion

Dairy agriculture is prominent in NY, with dairy cows and their
replacements accounting for 69% of the total AU and forage crops
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accounting for 65% of the harvested cropland. This is largely a result
of proximity to major human populations, the moist, temperate
climate of the region which facilitates good forage production for
dairy cattle feed, and prominence of landscape and soil characteristics
that do not necessarily support the wide-spread production of
human-grade food crops. In 2017, between 58 and 84% of cropland
received nutrient inputs in the form of manure, purchased fertilizer,
or both. The results of the statewide assessment suggests that at least
16% of cropland did not receive any P inputs in the form of manure
or fertilizer. These results suggest P applications are somewhat
conservative and P is only applied when considered necessary,
consistent with a statewide focus on reducing P losses and over
application to forage cropland (Swink et al., 2009; Ketterings et al.,
2012a; Cela et al., 2017).

The integrated crop-livestock system of NY, with a modest state
average animal density of 1.17AUha™" (0.47AUac™') and a
maximum animal density of 1.97AUha™" (0.80AUac™) in
Wyoming County, a major dairy producing county, shows the state’s
ability to capitalize on the value of manure without excessive risk to
the environment. This is due to there being a relatively large land
base for the distribution of nutrients in manure. If manure
application regulations are followed (Bass et al., 2023), regions with
moderate or low animal densities have a limited risk of nutrients
accumulating and concentrating and being lost to the environment.
In contrast, regions with high animal densities lack the land base to
distribute nutrients and prevent their accumulation and
concentration (Spiegal et al., 2020). Therefore the relatively low
animal density allows NY agriculture to adopt the principles of a
circular economy: eliminate waste and pollution, circulate products
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FIGURE 4

Manure nitrogen (N; total) (A); manure N available (B); purchased fertilizer N (C); atmospheric deposition and legume fixation of N (D); crop removal of
N by non-legumes (E) and crop removal by all crops (F) by county for New York (2017) and the balance by county, and breakdown of the inputs and
crop uptake of N by region, and for New York State (2017) for manure and purchased N applied to all cropland (G) and non-legume cropland only (H),
which assumes that in (G) no legume fixation of N occurs, and in (H), all legume cropland receives N requirements through fixation. Counties in gray
were excluded from the analysis.

and materials (Ellen MacArthur Foundation, n.d.), while At the county level, the contribution of manure nutrients to
protecting nature. total nutrient supply increased with animal density up to
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TABLE 7 The nitrogen (N) inputs, crop N removal, N balance, average manure N application rates and average purchased fertilizer N application rates for harvested cropland in New York at the state, regional and
county level.

N from recoverable N from N from N crop removal N balance Average manure N Average
livestock manure purchased atmospheric application rate fertilizer N
fertilizer deposition and application
legume fixation rate

Before After Non-legume All No legume = With legume Before After

losses losses crops crops N-fixation N-fixation losses losses

kg hat kg hat kg ha! kg hat kgha kg ha! kg ha! kg hat kg hat kg hat kg ha!
State 101 41 57 65 75 128 39 95 378 153 98
Central 115 46 50 76 73 136 39 106 352 142 88
Cayuga 152 61 76 87 78 165 71 150 580 232 98
Chenango 94 37 24 56 74 115 13 59 258 103 67
Cortland 134 54 38 63 93 139 4 96 307 123 71
Herkimer 89 36 33 86 66 124 7 84 274 109 81
Madison 107 43 39 82 71 137 18 92 301 120 74
Oneida 98 39 56 73 70 128 34 98 250 99 88
Onondaga 142 60 61 87 78 152 61 140 515 218 98
Oswego 74 29 59 54 57 89 53 98 226 90 111
Otsego 73 29 27 65 63 103 6 62 235 94 73
Eastern 99 40 39 74 67 116 31 96 147 180 91
Albany 50 20 32 59 53 89 2 52 661 260 154
Fulton 65 25 43 66 68 103 14 71 204 81 147
Montgomery 89 35 39 94 58 121 15 99 440 175 100
Rensselaer 57 23 47 68 62 105 7 67 393 156 94
Saratoga 168 71 53 67 78 127 103 161 479 202 99
Schenectady 43 16 40 57 54 84 8 55 493 186 192
Schoharie 62 25 26 75 65 107 -9 56 364 144 86
Washington 142 57 40 71 79 129 62 124 485 193 71
Northeast 117 47 41 63 79 122 16 100 349 140 77
Clinton 120 48 46 49 96 129 46 86 353 141 75
Essex 69 27 19 66 46 84 13 70 937 371 98
Franklin 129 52 43 78 70 126 54 123 314 126 75
Northern 117 47 35 63 84 135 26 80 313 125 79
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TABLE 7 (Continued)

N from recoverable N from N from N crop removal N balance Average manure N Average
livestock manure purchased atmospheric application rate fertilizer N
fertilizer deposition and application
legume fixation rate

Before After Non-legume All No legume = With legume Before After

losses losses crops crops N-fixation N-fixation losses losses

kg ha! kg ha! kg ha! kg ha! kg ha! kg ha! kg ha! kg ha kg ha kg ha! kg ha!
Jefferson 88 35 30 57 82 129 -2 46 341 136 79
Lewis 160 64 43 71 92 158 54 115 309 124 83
St. Lawrence 118 47 35 63 81 126 36 89 298 119 76
Southeast 72 29 56 43 63 92 45 79 305 124 124
Columbia 63 25 70 55 68 112 30 76 410 162 123
Delaware 112 44 27 41 76 98 51 83 266 106 86
Dutchess 62 24 62 61 56 92 41 93 498 191 115
Greene 43 17 34 42 49 76 10 43 380 149 111
Orange 51 20 77 30 66 92 45 66 254 98 144
Sullivan 100 53 13 18 60 68 54 63 265 141 83
Ulster 24 9 95 31 37 50 79 100 181 65 166
Southern 87 34 35 57 73 112 19 67 388 154 91
Broome 106 42 28 45 83 105 39 75 421 167 74
Chemung 45 18 28 59 69 110 -28 21 271 107 82
Schuyler 85 34 43 61 61 100 38 90 642 255 128
Tioga 84 33 32 49 75 105 21 61 295 117 95
Tompkins 102 41 38 65 78 132 18 73 397 158 78
Southwest 9 38 45 52 77 113 38 80 367 146 84
Allegany 92 37 33 45 75 102 32 67 392 156 74
Cattaraugus 126 50 46 50 83 123 58 100 319 127 78
Chautauqua 99 40 62 32 84 107 64 87 349 139 95
Steuben 87 34 41 64 73 118 19 75 397 157 82
Western 93 37 80 67 76 142 40 98 426 170 107
Erie 84 33 70 55 79 126 37 84 317 126 119
Genesee 114 46 85 71 74 149 59 127 704 283 110
Livingston 108 43 70 70 84 155 32 94 468 186 93
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TABLE 7 (Continued)
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approximately 1 AUha™' (0.4 AU ac™"). At animal densities above
this, manure contribution levels off at approximately 75% of P
inputs and 35% of available N inputs with the remainder applied
as fertilizer (Figure 6C). At the state level, 62% of P inputs and 26%
of available N inputs were from manure. By utilizing manure,
cropland receives essential macro nutrients for crop growth (N, P
as well as potassium, sulfur, magnesium, and calcium), and
essential micronutrients including zinc, boron, and manganese,
reducing the need for purchased synthetic forms of these nutrients.
Manure also supplies cropland with organic matter and microbial
biomass, which in tandem with conservation practices, can help
build soil health, increase climate resilience over time, and
improve soil biodiversity (Sadeghpour et al., 2016; Rayne and
Aula, 2020).

Manure alone only supplied sufficient P to meet crop removal in
15 of the 50 counties considered in this study, similar to the manure
shed assessment by Spicgal et al. (2020) which found manure P
surpluses in only four NY counties in 2012. Distribution of manure
among counties would allow sufficient P to be available to meet
non-legume crop requirements across the state, leaving a surplus of
only 3kgha™ (31b. P ac™). If this surplus was applied to legume
cropland, there would still be a deficit at the state level (92% of crop P
requirements could be met through manure applications alone after
estimated storage losses) indicating that some purchased P fertilizer
is required to support crop production in NY. Similar findings were
seen in the P-based manure shed scenarios run by Saha et al. (2023)
for the Susquehanna River Basin.

The average P balance for the state was 10kg P ha™ (91b. P ac™")
in 2017. As some loss of manure nutrients will undoubtedly occur
between excretion of manure by animals and land-application of that
manure, a positive balance is expected in anticipation of these losses
to prevent a negative P balance and potential soil mining of P. It
should further be noted that given only a small percentage of the total
cropland in NY tests above the agronomic optimum (Ros et al., 2019,
2020), many fields should be managed to increase soil test P levels to
optimal levels for crop production for long-term sustainability. In
addition, rotation management demands careful interpretation of field
balances. For example, corn and alfalfa rotations, common on NY
dairy farms, require buildup of P under corn years to allow for
drawdown of P under the alfalfa years if fertilizer purchases of P are
to be avoided or limited.

The state N balance results show that manure N can supply 99%
of the non-legume N removal for the state but once expected N losses
due to volatilization and denitrification during storage are accounted
for, application of manure to crop P removal for all cropland results in
manure N only supplying 43% of the non-legume crop N removal. If
only the inorganic fraction of this manure is available to the crop, the
N deficit at the state level was estimated to be 56kgNha™
(501b. Nac™). This is almost equal to the purchased N fertilizer
amount (57kgha™'; 511b. Nac™") which shows that with the current
expected N losses during storage, N fertilizer purchases are necessary
and do occur. If additional losses during application could
be accounted for, this deficit would be even greater suggesting the
need for more purchased N fertilizer. These results are consistent with
the assessment by Spiegal et al. (2020) who also found N deficits for
all counties in NY. It should be noted that our assessment does not
take into account other potential soil N credits from past manure
applications, cover crops, or crop rotations.

frontiersin.org


https://doi.org/10.3389/frsus.2024.1352296
https://www.frontiersin.org/Sustainability
https://www.frontiersin.org

Godber et al. 10.3389/frsus.2024.1352296
350
Manure N (lost to volatilization and denitrification during storage) X Total N inputs PS
Fertilizer N (lost) @© N removal (all crops) ’
300 + Manure N (unavailable) A N removal (non-legume crops) ¢ \¢ ﬁ
Legume fixation N o ? ﬁ ’
250 4 [ Atmospheric deposition N 5 [ ’ ¢ 6 ’ ﬁ ] ’ ’
[l Fertilizer N (available) ¢ % g ’ ? ? ’ ? 4 a ﬁ
[7] Manure N (available) 6 V4 V4 ’ alaltl 1AV 1]
200 | v OOl N Ny 7101017191919 141101
2 1 B dletelerTalgria\e e A el 1z Lo 12 Elg | A A Al 2
2.l B 06 Dhatt BoAAAa BTl RE BB e
X~ 150 1 [4 14 < FAVAN 1P KA A RS ?Pl"‘4’?“74“""44?”?‘7? oAb ?’ AV
{0 ﬂa#;/ 2 |E1A|21512|2 S| d1 %) || s {22t 5 Gl ol | | 71l 214 | 4| ) =
n;?;ﬁaﬂzi ga:;z5za~ﬂaéz?ﬁ,,zz,z%;;zé;;;:gaygégﬁgé
(21612)217)=(2i5|alE oIS |15 S lEieizlzlulZie s g s i Sz lalals Elz AlE\Z |2 k7 1414 R
100 BHHARABEEHAaERIAFPER AR = A AR A KA AKX KAV E AR
Al F - w2, A BRI KA AR A E
ARERPR PR R AR e A AR R K R R R AP B W AR B A KB
AL gl A (Rt SR g M A S A = AR (A A |
\ b #1F4 A N
0 PNKEENANZERECERE RS Alal |4]= AN BN S WA
0 D:EU:E\J_EDUEIEIDHD,JSD,Jj]J:: ,,,,,,, ,,LLEL‘[iDDgUD_DU]D‘, ,,‘
N S N N N R F R R R R E R R R - A R E R T S
Mt R I tEE I I I i L e )
256522X32905038352E83252835808228885£38290858558£387852
S8S: 5303208 2852583 858227988 5022558R88802803851
gecigessfisesga oiegesde §3=.75o28R0895090735F =3
= e 5 2 S< 4=
FIGURE 5
The manure and purchased fertilizer N inputs, atmospheric deposition of N, legume of fixation N, and crop uptake of N by non-legume and all crops
for New York counties in 2017. Estimated N losses of manure N during storage through volatilization and identification are identified. Counties are
ordered from lowest N balance (left of figure) to highest N balance (right of figure), where the maximum N balance is equal to the difference between
total N inputs and crop N uptake (non-legume crops only), and the minimum N balance is the difference between total N inputs excluding legume
fixation and crop N uptake (all crops). The number in parentheses indicates the animal density of the county in animal equivalent units (AUs) per ha,
where 1 AU = 455 kg live animal weight (SRM, 2017).

The modest animal densities and distribution of manure nutrients
within NY is reflected in the nutrient balances for both P and N. The
P balances at the county level ranged from —3 to 24kg P ha™' (=3 to
211b. P ac™") with a state balance of 10kg P ha™' (91b. P ac™"). This is
in line with the 2012 P use efficiency study results for the US Northern
Crescent by Swaney and Howarth (2019), who also found modest P
balances using similar methodology for 2012 data.

Nitrogen balances ranged from —28 to 103kgNha™" (-25 to
921b. Nac™') with a state balance of 39kgNha™" (351b. Nac™') when
manure was only applied to non-legume cropland and from
21kgNha™ (191b. Nac™) to 164kgNha™' (1461b. Nac™) when
legume cropland was included as well. Reality will lie between the two
scenarios, as some legume cropland does receive manure in NY but
not all and some N fixation may still occur when manure is applied to
legume cropland. It is likely that counties with a higher animal density
applied more manure to legume cropland, turning a potential waste
into a useful resource, reducing the need for purchased P fertilizer and
other nutrients. In both scenarios, the results were similar to the 2012
nitrogen use efficiency results for the US Northern Crescent in the
study of Swaney et al. (2018), and partial N balances calculated for all
US counties between 2011 and 2013 by Roy et al. (2021). The latter
assessment did not identify any counties in NY as a “hot spot” for
improved cropland N management.

It is important to note that while positive balances could signal
potential losses, they do not necessarily reflect actual losses. The
amount of P and N lost to the environment is affected by multiple
factors, including landscape patterns, existing soil resources and
management, climate and weather patterns, and distribution of
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nutrients at smaller scales than assessed here (for instance, farm or
field level). As already shown, although total N balances (not
considering unavoidable losses) were positive, a large portion of this
surplus N is lost during storage and land application or is in a plant-
unavailable form. The purchased N fertilizer met the estimated N
deficit of cropland which indicates responsible nutrient management
in terms of maximizing the use of available manure nutrients and
using minimal purchased N fertilizer. However, this assessment also
highlights the importance of minimizing N losses during storage and
potential gains to be had if losses can be minimized, given N losses not
only result in lost nutrients that need to be replaced with purchased
fertilizer with a financial cost, but also contribute to direct (N,O) and
indirect (NH,) GHG emissions and can negatively impact air and
water quality. Therefore, improved and cost-effective manure
treatment, storage and land application options that reduce N
volatilization and denitrification need to be developed
and implemented.

To increase the circularity of agricultural production in NY, the
benefits and trade-offs of applying manure to legume cropland need
to be considered. The results of the 2017 N and P balances indicate that
if manure was only applied to non-legume cropland, there would be a
small manure P surplus at the state level, and all legume cropland
would require purchased P fertilizer, further increasing the state’s P
surplus. In contrast, if all cropland received applications of manure,
there would be an increased need for purchased N fertilizer on
non-legume cropland, but a reduced need for purchased P fertilizer
on legume cropland. There is also likely to be less need for purchase

of other nutrient inputs on the legume cropland receiving manure.
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FIGURE 6

The nitrogen (N) balance calculated as the difference between total
N inputs and crop N uptake (non-legume cropland only; closed
circles), and the difference between total N inputs excluding legume
fixation and crop N uptake (all cropland; open circles) of New York
counties in 2017 (A), the phosphorus (P) balance calculated as the
difference between total P inputs and crop P uptake (all cropland)
(B), and the percentage (%) of N and P nutrients being supplied by
manure versus purchased fertilizer, plotted against the number of
animal units (AUs) per ha in those counties, where 1 AU is equal to
455 kg of live animal weight (SRM, 2017) (C).

One example is the S provided in manure, which is particularly
important in corn-legume rotations in NY where S deficiencies for
alfalfa have been reported (Ketterings et al., 2012b), in addition to the
manure providing K and contributing to the soil organic matter
content of that cropland with its associated soil health benefits.
Prioritizing the use of manure nutrients over purchased fertilizer
nutrients also contributes to the circular agricultural economy
concept, and potentially lower GHG inventories. The decision to apply
manure to legume cropland (possibly to later years to avoid dominance
of grass in mixed legume/grass stands; Ketterings et al., 2008) or not
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should therefore be made more locally, taking into account crop
rotation, soil test results and other field management history.
Laboratory testing of manure samples to quantify the N to P ratio
prior to application could also help to distribute manure to the areas
where it would be of most benefit, based on its characteristics. For
example, prioritizing manure with a higher N to P ratio for
non-legume cropland, and manure with a lower N to P ratio to legume
cropland which does not require the N but would still benefit from the
P and other constituents such as K and S and organic matter. This is
becoming increasingly important as manure separation and treatment
technologies can change N to P ratios (Aguirre-Villegas and Larson,
2017). It is also important to note that some cropland will have
manure application restrictions due to soil characteristics, proximity
to neighbors, or landscape features.

Reducing manure N losses during storage and land application
would increase the N to P ratio of manure. This would reduce the
amount of purchased fertilizer N required where manure applications
are limited to P removal per NY’s Concentrated Animal Feeding
Operation permit (NYSDEC, 2022) and land grant university
guidelines for P management (Czymmek et al., 2021; Ketterings and
Workman, 2023). In 2017, the state average N to P ratio of manure was
5.5 before storage losses, and just 2.4 after storage losses. This is higher
than the mean N to P ratios reported by Spiegal et al. (2020) that
ranged from 1.6 to 2.0. Lim et al. (2023) show estimates for the N to P
ratio of manure from various livestock species following different
storage and application practices. Their values for the dairy herd
(which best represents the majority of manure in NY) ranged from 0.8
to 1.3, depending on storage and application method. The N to P ratio
calculate for NY in 2017 was higher, but the ratio does not fully take
into account land application losses. Based on N to P ratio reported
by Lim et al. (2023) and Spiegal et al. (2020), potential N losses to the
environment in this current assessment may have been
underestimated. The limitations of using manure to meet crop
nutrient requirements due to a low N to P ratio has been discussed in
detail by Lim et al. (2023). Crops with a lower or no external N
requirement, such as alfalfa are less impacted by a low N to P ratio, but
in NY where approximately 60% of the cropland is harvested for crops
with substantial N requirements (corn silage, corn grain, grass hay and
grass haylage), the N to P ratio becomes more important.

To improve upon balance assessments, updated manure excretion
rates need to be established that account for current animal feeding
practices and performance, and regional differences in these practices.
For example, NY dairy cows tend to consume a diet with a higher
forage content than other regions as farmers make use of locally
available resources. As the concept of a circular agricultural economy
and utilizing waste and by-products from other industries as feed also
grows in popularity, potential impacts on manure nutrient excretion
rates also need to be considered. Lim et al. (2023) highlight this, using
dried distillers’ grains as an example of such a feed, which is high in N
and P. This could increase the N and P excretion in manure, with the
benefit of increasing the P value of the manure if cropland to apply
that manure to is available but could also create additional challenges
in higher animal density counties and regions, and a more calculated
redistribution of nutrients within the state would be necessary. This
could create logistic and financial barriers, particularly if the upward
trend of dairy cow numbers and milk production continues in NY.

Updated information is required on the amount of nutrients lost
during storage and application of manure, particularly with new
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manure treatment, storage and application practices being adopted.
Development and adoption of new manure treatment, storage and
application practices that reduce N losses through volatilization and
denitrification would not only help to reduce nutrient balances by
increasing the N value of manure, but also improve the N to P ratio of
manure, facilitating higher manure N application rates when manure
is applied to P removal and reduced reliance on purchased N fertilizer.
This would have additional benefits, such as reducing purchased
fertilizer costs to the farmer, reducing the GHG emissions related to
both N losses from manure and production of N and P fertilizer, and
reducing the negative impacts N and P losses can have on air and
water quality. In combination with precision agriculture technologies,
this should help optimize nutrient management, increasing yields,
reducing inputs and the production of those inputs, and help to
maximize the overall environmental benefits of NY agriculture.

5 Conclusion

Livestock in NY produce sufficient recoverable manure P to
meet 90% of all cropland P requirements. However, if the recoverable
manure was applied to equate crop P removal for non-legume and
legume cropland, there would be an N deficit in all counties. If
manure was only applied to non-legume cropland, the N deficit
would be small but a switch away from non-legume cropland will
increase the need for purchased P fertilizer and other essential
nutrients such as S for legume cropland. Manure has many benefits
to cropland beyond N and P, and consideration of these factors at
the field level, in combination with field management history and
soil test results, could help to prioritize where manure should
be applied, and where purchased N and P inputs are required.
Development and adoption of advanced manure treatment, storage,
and application practices, in addition to consideration of how
livestock feeding practices can influence manure characteristics,
could all help to further improve the value of manure and improve
balances, while increasing the circularity and sustainability of the
agricultural sector in NY. As updated manure excretion rates and the
amount of nutrients lost during the storage and application of
manure become available, combined with an expected continuation
in the upward trend of both cow numbers and milk production for
NY, it will be important to continue assessments of nutrient balances
and animal densities, and explore manure treatment options to allow
for transport of manure nutrient throughout NY to avoid creating
nutrient “hotspots” within the state.
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