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Nitrogen and Phosphorus Balances
Vary at the Whole-Farm, Field, and
Within-Field Scales
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Quirine M. Ketterings 1*

1Nutrient Management Spear Program, Department of Animal Science, Cornell University, Ithaca, NY, United States,
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A field nutrient balance (supplied minus harvested) can be an effective, end-of-season

management evaluation tool. However, development of guidance for balance-based

management requires knowledge of variability in balance inputs. To contribute to

development of such guidelines, we evaluated the impact of corn silage hybrid selection,

nutrient management, and growing conditions on field nitrogen (N) balances and

documented variability in N and phosphorus (P) balances at the whole-farm, field,

within-field levels. Variability in N removal among hybrids was evaluated using hybrid trials

(5 locations, 4 years each). Variability in farm and field balances (4 farms, 2 years each)

and within-field balances (2 farms, 2 years each) was assessed as well. Nitrogen supply

comprised soil N (soil type-specific book values), rotation N, past manure N, and current

year N (fertilizer and/or manure). Total N balances included all current year manure N

while available N balances considered only plant-available N from manure. Phosphorus

balances were derived as total P applied minus P harvested. Yield explained 81% of the

variability in N uptake across hybrids. Nitrogen uptake intensity (NUI; N uptake per unit of

yield) varied across locations and years, averaging 4.3 ± 0.1 kg N/Mg for short-season

hybrids [≤ 95 days-to-maturity (DTM)] vs. 4.1± 0.1 kg NMg−1 for longer-season hybrids.

Whole-farm N balances ranged from 139 to 251 kg N ha−1 for total N and 43 to 106 kg N

ha−1 for available N. Phosphorus balances ranged from 28 to 154 kg P ha−1. Balances

per field ranged from −8 to 453, −66 to 250 kg N ha−1, and −30 to 315 kg P ha−1 for

total N, available N, and total P, respectively, while within-field balances showed even

larger ranges. We conclude that (1) variability in corn silage N and P balances at field and

within-field scales and across year is large, emphasizing the need for field and within-field

(where feasible) evaluation tools and management options, and (2) feasible limits for N

balances should include both total and available N.

Keywords: adaptive management, corn silage, nitrogen, nutrient balance, nutrient management, phosphorus,

precision agriculture, spatial scales
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INTRODUCTION

Nitrogen (N) and phosphorus (P) are essential nutrients for
plant growth and crop production, but if applied in excess of
crop needs both nutrients can result in negative environment
consequences. According to Sobota et al. (2015), annual
environmental damages from N pollution exceed $289 billion in
the U.S., of which about half is attributable to the manufacture
and use of N-based fertilizers. Annual eutrophication damages
from anthropogenic N and P have been conservatively estimated
to exceed $4.3 billion in the U.S. alone (Dodds et al., 2009).

Increased occurrence of nutrient hotspots in sensitive watersheds
have led to a shifting perspective of the value vs. cost of manure,
resulting in governmental intervention and stricter regulation

nationwide (Kleinman et al., 2015). At the same time, mineral
phosphate rock reserves are on course to be completely depleted
by 2050with continuedmining at current extraction rates (Walan
et al., 2014). These statistics point to the importance and urgency
of efficiently managing both N and P, to meet but not exceed crop
nutrient needs.

Corn (Zea mays, L.) is a major crop in New York (NY), with

about 425,000 ha planted annually (USDA, 2020). Much of the
fertilizer andmanure applied to cropland inNY, is applied to corn
fields. While P fertilizer use for agricultural production in NY
has decreased drastically over the past decades (Ketterings et al.,
2011, 2017; Ketterings, 2014; Cela et al., 2017), and manure has
increasingly replaced the need for fertilizer N in corn (Ketterings
et al., 2013c), the humid and often unpredictable climate in
the northeastern U.S. continues to create challenges for the
management of both nutrients.

Concentrated animal feeding operations (CAFOs) that are
regulated by the state are required to have a comprehensive
nutrient management plan (CNMP) in which for each field on
the farm, the anticipated nutrient application rates are listed
(manure and/or fertilizer), according to land-grant university
(i.e., Cornell University) guidelines for fertility management of
field crops (NYSDEC, 2017). At Cornell University, the Nutrient
Management Spear Program (NMSP) is responsible for the
development of fertility guidelines. For P management, soil
test results are the basis for management guidance (Ketterings
et al., 2003a), with higher application rates governed by the NY
Phosphorus Index (Czymmek et al., 2020). For N, guidelines
for corn crops are derived from estimates of yield potential,
soil N mineralization, and fertilizer uptake efficiency (all soil
type specific), as well as crop rotation and past manure credits
(Ketterings et al., 2003b). Book values for these inputs are
available for each of the almost 600 soil types in the state
and are often used in part to derive N fertility prescriptions.
However, if three years of corn yield data are collected for a
specific field, regulated farms can override the yield potential
book value for that specific soil type and use their own data
instead (NMSP, 2018).

Although useful in situations where baselines are unknown,
the use of book values can lead to under- or over-estimation
of yield in any given year and any location, reflecting that
yields can vary greatly from year to year, farm to farm, field
to field and within-field (Kharel et al., 2019). To allow for

experimentation with N management on farms and to better
understand and improve upon N management over time, a
multi-agency partnership in NY consisting of Cornell University
faculty and staff and staff from National Resources Conservation
Service (NRCS), New York State Department of Environmental
Conservation (NYSDEC) and NYS Department of Agriculture
and Markets (NYSAGM) introduced an adaptive management
policy for regulated farms in 2013 (Ketterings et al., 2013a,b)
with an expansion of evaluation options in 2018 (NMSP,
2018). This approach was modeled after the federal adaptive
management guidelines first released by NRCS in 2011 (NRCS,
2011) and updated in 2013 (NRCS, 2013). The 2018 adaptive
management policy for NY allows farmers to apply N (manure
and/or fertilizer) above Cornell University NMSP guidelines,
even without any past yield records. However, if this field-specific
option is used the farmer is responsible for measuring yield
annually moving forward and for conducting an evaluation to
determine if the higher N rate resulted in a benefit (NMSP, 2018).
The evaluation tools include the corn stalk nitrate test (CSNT),
implementation of a control strip followed by evaluation of yield
difference, and for crops other than corn, determination of a
field N balance (NMSP, 2018). Adaptive management seeks to
address the diverse needs of farms throughout the state with
flexibility inmanagement options and combines productivity and
environmental goals in the requirement to evaluate if the change
in management (typically a higher N rate) improved yield and/or
nutrient use efficiency.

Research efforts investigating the ability of field balances
to monitor efficiency and predict field nutrient requirements
have added credence to balance-based nutrient management
methodologies. Blicher-Mathiesen et al. (2014) showed that N
field balances are an effective tool for monitoring N loses; up
to 60% of variation in N leaching was explained with field N
balance. Nitrogen and P field balances have also shown promise
in evaluating efficiency of input distributions in a within-farm
context and facilitating better management decisions at the field
level (Buresh et al., 2010; McDonald et al., 2019; Van Leeuwen
et al., 2019). Currently, field balance assessment for corn is not
a tool included in the adaptive nitrogen management policy
outlined in NMSP (2018). Yet, once feasible/acceptable balances
are established for corn, such an option could be added as an
end-of-season evaluation tool.

Nitrogen balances can be defined in various ways. In its
simplest form, an N balance is determined as the difference
between N added with fertilizer and N removed with harvest
(N supply–N uptake at harvest). This difference (if positive)
is subject to loss to the environment and, once known, can
be used as a rationale to adjust management to lower the N
balance of a field or area within a field. The Environmental
Defense Funds (EDF) has promoted use of the N balance concept
as it requires little field-level data, allows farmers to define
management alternatives that include not just a rate adjustment
but also changes in method, timing, and source, and allows for
comparison of fields and for tracking of improvements over time
(McLellan et al., 2018).

The N balance concept is an effective way to rank fields
within a farm and therefore a means to identify fields where
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N management could be evaluated in more detail, as options
for improvement may exist. This applies to fields with negative
balances where more N is removed with harvest than supplied
and yield and/or quality could be impacted, as well as to fields
where N balances are excessive, and rate adjustments may be
feasible without impacting yield or quality. However, simply
comparing N applied as fertilizer and N removed with harvest
ignores other potentially substantial contributions from prior
crops (rotation credits), soil organic matter mineralization, past
manure applications as well as current year applications. In
addition, when corn crops are harvested for grain, this approach
ignores that additional N is indeed needed for the entire corn
plant, even if only a portion of the N is removed with harvest.

Before N balance guidelines can be developed to extend the
adaptive management option to corn grown for silage on animal
operations where manure is a common nutrient source, research
is needed to (1) determine degree of variability in N uptake by
corn as impacted by hybrid selection, (2) evaluate total N vs.
available N from manure when deriving N balances, and (3)
determine variability in bothN and P balances from farm to farm,
year to year, field to field, and at the within-field level.

MATERIALS AND METHODS

Study 1: Corn Silage Hybrid-Induced
Variability in N Uptake
Locations and Experimental Design
Corn silage hybrid evaluation trials were conducted at the
Musgrave Research Farm, Aurora, NY (central NY), farms in
Albion (western NY), Madrid and Willsboro NY (northern NY),
and at the Borderview Research Farm, Alburgh, VT each year
from 2017 through 2020.

For all but 8 site years (Table 1; data missing for Madrid,
Willsboro, and Albion in 2017 and 2018), soil samples were
collected (0–20 cm depth) prior to fertilizer and/or manure
application at a sampling density of 15 soil cores per plot.
These cores were analyzed for pH and soil fertility parameters
at the Analytical Laboratory and Maine Soil Testing Service,
Orono, Maine or the Cornell Nutrient Analytical Laboratory,
Ithaca, NY. At both laboratories, soil pH was measured using
a 1:1 (w/v) water extract. Soil organic matter (SOM) was
determined through loss-on-ignition analysis, exposure at 500◦C
for 2 h (Storer, 1984). The Cornell Morgan soil test was used
to extract P, K, Mn, and Zn by shaking dried samples in a 1:5
(v/v) ratio for 15min in Morgan solution (1M sodium acetate
buffered at pH 4.8; Morgan, 1941). Extracts were filtered with
Whatman No. 2 equivalent filter paper according to procedures
outlined in NEC-1312 (2011). Filtered extracts were analyzed
for K, Mn and Zn using inductively coupled plasma atomic
emission spectrometry (ICP-AES, JY70 Type II, Jobin Yvon,
Edison, NJ). Phosphorus was determined colorimetrically using
the ammonium molybdate-ascorbic acid method (Knudsen and
Beegle, 1988) with a Lachat QuikChem R© 8000 flow injection
analyzer (Lachat Instruments, Milwaukee, WI). Results of these
analyses (Table 1) showed that pH ranged from 5.7 to 7.8 across
trial locations with organic matter levels ranging from 2.0 to

6.6 %. To address low P and K levels at some of the sites, per
standard protocol for variety trial research, trials with below
optimum levels were planted with a starter fertilizer to ensure
sufficient P and K. Thus, soil fertility was not anticipated to be
yield limiting at any of the five trial locations.

In most trials corn silage followed other crops in the rotation.
The exceptions were the 2017 and 2020 trials in Alburgh, VT, and
the trial in Madrid in 2020, which were second year corn silage
trials, and the trial in Madrid in 2018 which had been in corn for
more than 3 years. Management varied at each site, representing
a range in nutrient management approaches (Table 1) as fertility
management was at the discretion of the farm managers.

Hybrids entered (open invitation) were organized into two
relative maturity (RM) panels: short-season hybrids (≤95 days-
to-maturity [DTM]) and long-season hybrids (≥96 DTM). The
total number hybrid entries and the size of each panel varied from
year to year with total entries ranging from 69 to 90 each year
of which 20–38 were short-season hybrids and 47–57 were long-
season hybrids. Each RMpanel was planted at three trial locations
in thrice-replicated (9 plots per hybrid entry) randomized
complete block designs. Madrid and Aurora were planted with
long-season panels, Albion and Willsboro were planted with
short-season panels, and the Alburgh location included both
panels. All plots were 4 rows wide (0.75m row spacing) planted
at a target population density of 84,000 plants ha−1.

Harvest and Silage Composition Analysis
Harvest was initiated once whole plant dry matter reached 35
± 3 g kg−1 using a target cutting height of 15–20 cm. Yield was
determined for the inner two rows of each 4-row plot using
two-row harvesters. Trials at Albion, Aurora, and Madrid were
harvested with a John Deere forage chopper equipped with a
Kemper rotary head andWintersteigerWeighmaster system with
sample mixing capabilities. The Willsboro site was harvested
with a John Deere 3975 pull-type forage harvester outfitted with
a custom built 20A Plot Harvest Sampler (RCI Engineering,
Mayville, WI) and plot yields were determined on platform scales
using an on-board RCI software computer interface. The trials
at Alburgh were harvested with a John-Deere 2-row chopper
which fed directly into a wagon equipped with an Avery Weigh-
Tronix weighing system. For each plot, a ∼0.5 kg forage sample
was collected and submitted to Cumberland Valley Analytical
Laboratory for determination of N content, using a Leco FP-
528 Nitrogen Combustion Analyzer (LECO Corporation, St.
Joseph, MI).

Statistical Analysis
Statistical analyses were completed using R studio (R version
3.6.2). Nitrogen uptake was calculated using plot-level yield and
N content data while nitrogen uptake intensity (NUI) was defined
as the N uptake per unit of yield:

N Uptake
(

kg ha−1
)

= Yield
(

kg ha−1
)

× 35% DM× % N (1)

NUI
(

kg Mg−1
)

=
N Uptake

(

kg
)

Yield
(

Mg
) (2)
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TABLE 1 | Description of each trial location region, soil type, nitrogen fertility management, soil fertility testing, and relative maturity panels present at each trial location.

Town/Region Year Soil series (soil

management

group*)

Soil taxonomy pH OM

(%)

P

(mg kg−1)

K

(mg kg−1)

Mg

(mg kg−1)

Manure

N avail.

(kg ha−1)

Manure

N

total

(kg ha−1)

Fertilizer

N

(kg ha−1)

Sod N

(kg ha−1)

Soil N

(kg ha−1)

Albion, western

NY

2017 Hilton (2) Fine-loamy, mixed, active, mesic Oxyaquic

Hapludalfs

– – – – – – – 184 34 84

2018 Appleton Fine-loamy, mixed, active, mesic Aeric

Endoaqualfs

– – – – – – – 170 34 84

Short-season

hybrids

2019 Hilton (2) Fine-loamy, mixed, active, mesic Oxyaquic

Hapludalfs

6.0 3.4 4M 65H 192 VH – – 184 34 84

2020 Hilton (2) Fine-loamy, mixed, active, mesic Oxyaquic

Hapludalfs

6.5 2.3 12H 103 VH 267 VH 18 34 36 185 84

Alburgh,

northwest VT

2017 Covington (1) Very-fine, mixed, active, mesic Mollic

Endoaqualfs

– – – – – – – 168 – 84

2018 Benson (4) Loamy-skeletal, mixed, active, mesic Lithic

Eutrudepts

6.3 6.6 1 L 40 L 76H – – 109 34 73

Short- and

long-season

hybrids

2019 Benson (4) Loamy-skeletal, mixed, active, mesic Lithic

Eutrudepts

6.7 6.2 1 L 37 L 77H – – 162 – 73

2020 Amenia (4) Amenia silt loam: Coarse-loamy, mixed,

active, mesic Aquic Eutrudepts

– – – – – 40 44 167 – 73

Aurora, central NY 2017 Honeoye (2) Fine-loamy, mixed, semiactive, mesic

Glossic

7.5 3.4 1 L 44M 282 VH – – 148 – 84

2018 Lima (2) Fine-loamy, mixed, semiactive, mesic

Oxyaquic Hapludalfs

7.7 3.9 4M 56H 333 VH – – 147 84 84

Long-season

hybrids

2019 Honeoye (2) Fine-loamy, mixed, semiactive, mesic

Glossic

7.8 2.8 3M 27L 271 VH – – 155 34 84

2020 Honeoye (2) Fine-loamy, mixed, semiactive, mesic

Glossic

7.6 2.2 6H 38M 252 VH – – 159 – 84

Madrid, northern

NY

2017 Stockholm (5) Sandy over clayey, mixed, superactive,

frigid Umbric Epiaquods

– – – – – 141 237 36 – 78

2018 Hogansburg (4) Coarse-loamy, mixed, semiactive, frigid

Aquic Eutrudepts

– – – – – 30 152 36 123 84

Long-season

hybrids

2019 Hogansburg (4) Coarse-loamy, mixed, semiactive, frigid

Aquic Eutrudepts

6.5 3.5 6H 330 VH 178 VH 17 116 36 93 84

2020 Hogansburg (4) Coarse-loamy, mixed, semiactive, frigid

Aquic Eutrudepts

6.1 3.8 17H 116H 330 VH 36 225 36 40 84

Willsboro, northern

NY

2017 Stafford (4) Typic Psammaquents and Aquic

Udorthents

– – – – – – – 118 – 67

2018 Stafford (4) Typic Psammaquents and Aquic

Udorthents

– – – – – – – 118 – 67

Short-season

hybrids

2019 Cosad (4) Sandy over clayey, mixed, superactive,

nonacid, mesic Aquic Udorthents

5.7 2.0 3M 33L 19 L – – 118 – 78

2020 Kingsbury (1) Very-fine, mixed, active, mesic Aeric

Endoaqualfs

6.1 5.3 3M 61H 415 VH – – 17 93 73

*Soil management group and K interpretations as defined in Ketterings et al. (2003c); P interpretations as defined in Ketterings et al. (2003a).
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The “lme4” package was used to fit five linear mixed-effects
models (M1–M5) to evaluate the influence of relative maturity
(RM), location, year, hybrid, and replicate on NUI:

M1: NUI = RM + Location + Year + Hybrid

+ (1|Rep) (3)

M2:NUI = RM + Location + Year+ (1|Hybrid)

+ (1|Rep) (4)

M3:NUI = RM + Location+ (1|Year)+Hybrid

+ (1|Rep) (5)

M4: NUI = RM+ (1|Location) + Year + Hybrid

+ (1|Rep) (6)

M5: NUI = RM+ (1|Location) + (1|Year)

+ (1|Hybrid)+ (1|Rep) (7)

The “lsmeans” package was used to calculate the least squared
or marginal means and confidence intervals of both RM
panels within each model framework. Model 5 incorporated all
sources of variability to determine confidence intervals for each
RM panel.

Study 2: Whole-Farm, Field-Level, and
Within-Field N and P Balances
Locations, Fertility Management and Agronomic Data
Harvest, soil, and crop management data were collected for all
corn fields of four dairy farms in northern New York. For three
of the farms, the 2019 and 2020 growing seasons were included
while for one farm, data from 2018 and 2019 had to be used
because of equipment failure during harvest in 2020. In total 175
fields were included. Soil type and field management data for
each of the fields on the farms were obtained from CropwareNET
(Farm Information Technologies, Peru, NY), a cloud-based
version of Cropware, a nutrient management planning software
that incorporates NMSP fertility guidelines (Ketterings et al.,
2006). For each field, N supply from soil organic matter, prior
year crops (crop rotation credits) and past manure applications
was derived according to Ketterings et al. (2003b). Fertilizer N
equated total fertilizer N applied for the growing season. Current
year manure N supply was determined assuming (1) no N loss
(total N); and (2) N credits as impacted by method and timing
of application (available N; Ketterings et al., 2003b). Thus, two
N balances were determined, a total N balance and an available
N balance.

Yield Monitor Data and Post-Harvest Processing
Corn silage yield monitor data were collected for all 175 fields.
Recognizing that yield monitor data contain inherent systemic
and random errors (Dobermann and Ping, 2004; Vega et al.,
2019), data were cleaned using a standardized, semi-automated,
post-harvest yield monitor data cleaning protocol (Kharel et al.,
2018). Raw data were transferred into Ag Leader’s Spatial
Management Systems software and exported as Advanced format
text files as outlined in Griffin et al. (2007). Data cleaning was
completed using Yield Editor 2.07 (Sudduth and Drummond,
2007).

Field-Based Nutrient Balances
Field N and P balances were derived as the difference between
nutrient supply and uptake. For P balances, an average P content
of 2.3 g kg−1 P was used based on averages reported in the Dairy
One interactive feed composition library (Dairy One, 2021).
Results of study 1, marginal means of RM classes, were applied
to determine N uptake for each of the fields.

N supply
(

kg ha−1
)

= Nsoil + Nsod + Nmanure + Nfertilizer (8)

N balance[total or available]
(

kg ha−1
)

= N supply− N uptake (9)

P balance
(

kg ha−1
)

= P supply− P uptake (10)

where the total N balance includes the total N applied with
manure. The available N balance takes into account only the
portion of the current year manure application that will be
crop available according to Ketterings et al. (2003b). The soil N
and sod N supply estimates were derived from Ketterings et al.
(2003b) as well. Phosphorus balances include P removed with
harvest and P supplied with fertilizer and/or manure only.

Within-Field Nutrient Balances
Cleaned yield monitor data points were kriged using the matern-
isotropic covariance function to generate smooth raster yield
maps at a 2× 2m resolution (Cho et al., 2021). Nitrogen balance
maps were developed by subtracting N uptake, derived from yield
and N content as determined in Study 1, from N supply values
derived from CropwareNET field reports for each raster cell.

RESULTS AND DISCUSSION

Study 1: Corn Silage Hybrid-Induced
Variability in N Uptake
Yield alone explained 81% of the variability in N uptake across
years and locations (Figure 1). Nitrogen uptake varied greatly
from trial to trial and year to year. TheWillsboro trial consistently
yielded well below the average yield for all locations while the
Madrid location was higher yielding than the average. Nitrogen
uptake intensity at the Aurora location was notably different from
other locations with similar or greater yields but lower NUI.
Excessive rainfall during the first half of the 2017 growing season
at this location may have encouraged N leaching resulting in
visual symptoms of chlorosis in lower leaves. As yields increased,
variation in N uptake also increased across locations and years,
most likely reflecting variation in total N supply across sites
and years.

The mixed effect model comparisons showed that variation
in NUI was predominantly due to location and year differences
(Figure 2). The influence of hybrid genetics (individual hybrid
selection) was minimal. However, significant differences were
determined when hybrids were evaluated by RM; long-season
hybrids had a mean NUI of 4.1 ± 0.3 kg N Mg−1 yield at 35%
DM vs. short-season hybrids with a mean NUI of 4.3 ± 0.3 kg
N Mg−1 suggesting that RM selection impacted NUI. These
findings suggest that ∼5% less N may be required to achieve the
same yields for a long-season hybrid as opposed to a short-season
hybrid. These findings also indicate that knowledge of the RM
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of a hybrid may be used to increase prediction accuracy of N
uptake from yield, where yield is the only parameter measured.
Nitrogen uptake estimates will be more accurate when actual
crop N content is determined at the field level. Currently this is
not feasible for most farms due to the cost and time involved in

FIGURE 1 | Relationship between silage corn yield and nitrogen (N) uptake

analyzed in 2017-2020 at five field trial locations. Each point represents

measurements from an individual plot (one replicate of a specific hybrid). Long

refers to relative maturity class (≤95 days to maturity = short; >96 days to

maturity = long).

sampling truck loads from specific fields, although it may become
more feasible with improvements in and implementation of
constituent sensing on yield monitors. While the deriving of field
N balances and setting of feasible field balances should recognize
the variability induced by RM during hybrid selection, results
here show that knowledge of the hybrid beyond RM class is not
needed when using N balance assessment as an end-of-season
evaluation tool nor when setting feasible balances.

Study 2: Whole-Farm, Field-Level, and
Within-Field N and P Balances
Whole-Farm Variability
Whole-farm N and P uptake ranged from 109 to 225 kg N ha−1

and from 20 to 45 kg P ha−1 with area weighted means of 177
± 38 kg N ha−1 and 37 ± 10 kg P ha−1, respectively (Table 2).
Whole-farm available and total N supply ranged from 215 to 249
and from 305 to 422 kg N ha−1 with a mean of 232± 27 and 355
± 62 kg N ha−1, respectively. Whole-farm total P supply ranged
from 65-174 kg P ha−1 with an area weighted mean of 92± 48 kg
P ha−1. Combining uptake and supply, corn cropland N balances
(whole-farm level) ranged from 19 to 106 kg N ha−1 for available
N and from 139 to 251 kg N ha−1 for total N, with means of 54
± 50 and 178 ± 71 kg N ha−1, respectively. Whole-farm total
P balances ranged from 28 to 153 kg P ha−1 with area weighted
mean 59± 50 kg P ha−1.

The great variability in available N balances when compared
to total N and P balances across locations and year was largely
affected by fertilizer management and decisions about manure
management, particularly application method and timing. When

FIGURE 2 | Four linear mixed effect models were fitted to compare the influences of silage hybrid selection (“hybrid”), farm management strategies (“location”), and

growing season (“year”) on nitrogen uptake intensity (N uptake per unit of yield). Models were evaluated on data clustered by relative maturity classification (short- vs.

long-season hybrids).
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manure is surface applied without incorporation to capture
inorganic N or if applied in the fall, available N from manure is
considerably lower than if manure is incorporated closer in time
to crop uptake of nutrients (Ketterings et al., 2003b).

Variability in N and P balances among locations reflected the
impact of farm-specific field management decisions in any given
year. Farm A had the lowest yields and, for all but one year,
the highest N and P balances (Table 2). For Farm C, high yields
(and hence N and P uptake) were coupled with slightly above
average total N and P supply resulting in the lowest N balances
of the four study farms combined with slightly below average P
balances. This also implies that opportunities for improvement
of field balances is farm specific.

Yield limiting factors outside of N and P fertility, such as
drought and pest pressures, can greatly impact yield. Reduced
yield can lead to high balances even if N and P supply were
targeted correctly. Thus, information gained from whole-farm
N and P balances is only actionable within the framework of
the farm itself. While whole-farm cropland balances can help
evaluate overall farm field fertility management, field and within-
field balances will be more useful in determining where changes
in field management should be considered.

Field Variability
Individual field N uptake ranged from 48 to 257 kg N ha−1

with a mean of 169 ± 48 kg N ha−1 (Figure 3), showing large
field-to-field differences, consistent with yield variability typically
observed for New York corn fields (Kharel et al., 2019). Available
and total N supply per field ranged from 124 to 359 and from
150 to 512 kg N ha−1, averaging 211 ± 34 and 317 ± 64 kg N
ha−1, respectively. Field P uptake and supply ranged from 9 to 49
and 13 to 298 kg P ha−1 with means of 33 ± 9 and 82 ± 43 kg P
ha−1, respectively. Variation in field level total N supply within
a farm exceeded variation in available N supply reflecting that
some manure management strategies such as surface application
without incorporation of manure result in greater N losses than
other manure management approaches (Ketterings et al., 2003b).

Reflecting variability in N and P uptake and supply, variability
in field balances for both total and available N and for P was large,
with each site year showing large ranges as well (Figure 3). Across
farms and years, field available and total N balances ranged from
−59 to 234 kg N ha−1 and from−7 to 404 kg N ha−1 with means
of 148 ± 74 and 42 ± 55 kg N ha−1, respectively. Variation
in available N field balance was predominately controlled by
uptake while variability in total N balance was better explained
by N supply. Total P balances ranged from −27 to 281 kg P
ha−1 with a mean of 53 ± 45 (results not shown), mostly
explained by differences in P supply per field. While total and
available N balances varied almost completely independently due
to variability in manure management decisions, total and N and
P balances were directly correlated across site years (Figure 4).
Available and total N balances diverged when ranked by P balance
reflecting that inefficient use of N from manure typically is
accompanied by excess P (Figure 5).

Field balance findings suggest that in addition to a P balance,
both available N and total N balances should be derived for most
appropriate decision making about field allocation of nutrient
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FIGURE 3 | Total and available nitrogen (N) balance are shown as a difference between nitrogen (N) demand and N supply with details of supply contributors for all

corn silage fields of four farms in northern New York (A-D) for 2 years.

sources. When field balances are derived, a ranking of balances
per farm and by year from negative to greatly positive allows of
identification of (1) fields that may show a crop yield benefit from
N and/or P addition vs. those where N and P fertilizer and/or
manure use can be reduced without impacting crop yield, (2)
identification of fields where manure is used inefficiently (large
differences between total and available N balance), and (3) setting
of feasibility ranges for farms and across farms as part of an
improved adaptive management process (NMSP, 2018).

It should be recognized that extreme field balances can reflect
anomalies caused by pest pressures or generally poor growing
conditions in a given field or year. Thus, field balances should
ideally be evaluated on a yearly basis for all corn fields on a farm
(field-to-field comparisons) with consideration of unfavorable
environmental factors to better understand drivers for yield and
adjust management accordingly.

Fields differed greatly within each farm, illustrating that
identical management of all the fields on a farm is not
appropriate and field-specific management will lead to better
nutrient use efficiency. The rise of new technologies, such as
yield monitor systems with constituent sensors and variability

rate application technology, allows for targeted field and even
within-field management. These technologies support field-
based nutrient management assessment approaches currently
employed in adaptive management nationwide (NRCS, 2013).
They also enable the inclusion of N balance to determine and
track environmental performance of food production (McLellan
et al., 2018). Findings here indicate the value of ranking fields
based on balances for identification of areas (fields) for improved
management with possible further improvements when within-
field balances are derived.

Within-Field Variability
Evaluation of within-field N and P balances showed large
ranges as well (Figure 5). As an example, in year 1, the
within-field available and total N balances for Farm B ranged
from −580 to 199 and −519 to 383 kg N ha−1, averaging
47 ± 70 and 140 ± 83 kg N ha−1, respectively. In year 2,
the within-field available and total N balance ranged from
−175 to 237 and −113 to 480 kg N ha−1 averaging 54 ±

60 and 206 ± 125 kg N ha−1, respectively. Similarly, in year
1 farm D within-field available and total N balance ranged
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FIGURE 4 | Nitrogen (N) vs. phosphorus (P) balances for corn fields of four farms in northern New York (A-D) for 2 years.

FIGURE 5 | Within-field nitrogen (N) balance map (single field example) and histograms for all within-field available and total N balances for study farms B and D for 2

years.

from −146 to 179 and −90 to 321 kg N ha−1 with means 36
± 40 and 141 ± 58 kg N ha−1, respectively while in year 2,
the balances ranged from −157 to 252 and −101 to 387 kg
N ha−1 with an average of 37 ± 52 and 113 ± 63 kg N
ha−1, respectively.

The within-field ranges were as large or greater than field-to-
field ranges, implying opportunities for variable rate application
technologies and zone-based management to further enhance
nutrient management on dairy farms. Development of balance
maps (Figure 5) that show regions or zones within fields with
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higher balances vs. areas with lower or even negative balances
can help with targeted soil sampling to identify barriers for
yield, and zone-specific assessment of management changes for
fertilizer and manure use but also for seed density and pest
management evaluations. McLellan et al. (2018) stated a simple
field- and farm-level indicator of N loss, responsive to changes in
farm management practices, was anticipated to be more credible
and more useful to an individual farmer than use of models
or environmental monitoring. The results of the within-field
assessments show that this concept could be expanded to within-
field assessment, in recognition of the oftentimes large variability
in yield (Kharel et al., 2019).

Limitations and Future Work
In the study here, our focus was on evaluation of balance
approaches for N and P for corn harvested for silage.
Accuracy of yield data is essential for development of
field balances, while yield monitor systems are needed
to determine within-field balances. Currently, such
technology is not available to all farms, typically limiting
yield assessment to those who own yield monitor systems
or work with custom operators who have implemented
this technology.

The results of our assessments clearly illustrate the need to
derive both total N and available N balances for fields that
receive manure. Results also show that for N balances inclusion
of just fertilizer and manure N (i.e., without recognition of
N pools already in the soil) is insufficient and can lead to
overapplication of either or both N sources. In our study,
estimates for soil N mineralization and crop rotation N credits,
as well as estimated of N available from manure are derived
from book values documented in Ketterings et al. (2003b).
It should be recognized that not all land-grant universities
have developed book values for soil N supply and that actual
soil N supply and manure N credits can vary depending on
growing conditions.

While the approach featured here recognizes the reduced
N supply with manure when applied to the surface without
incorporation or when applied in the fall (available N balance),
research is needed to improve upon such estimates for individual
farms and fields. Work is currently ongoing to expand the
number of farms with whole-farm, field specific and within-field
N and P balances so that feasible limits can be determined and
included in the adaptive management policy of NY.

CONCLUSIONS

Yield explained 81% of the variability in N uptake across hybrids,
However, knowledge of relative maturity group of a hybrid can be
used for more accurate estimation of crop N uptake and removal
with corn silage harvest where hybrid specific crop N content
data are not available. Nitrogen uptake intensity averaged 4.3
± 0.1 kg N Mg−1 for short-season hybrids (≤ 95 DTM) vs. 4.1
± 0.1 kg N Mg−1 for longer-season hybrids. For most accurate

balance assessment, N supply should include estimates of soil
N supply, crop rotation credits, and past manure applications.
For P, balances could include fertilizer and P applied with
manure. For N, two balances should be derived, one assuming
no N loss from manure, and one where N loss is included. A
comparison of balances at the whole farm level, the field level, and
within-field level can reveal where (1) yield was compromised;
(2) reduction in fertilizer use and possibly manure use can be
considered for improved balances without impacting yield; and
(3) where manure use is inefficient (large difference between total
N and available N balances). We conclude that variability in corn
silage N and P balances at field and within-field scales is large,
showing the need for field and within-field evaluation tools and
management options. We also conclude that establishment of
feasible balance limits for adaptive management should include
both total and available N and P. Future work will focus on
evaluating field and within-field balances in combination with
rate studies to identify and set feasible balances for N and P.
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