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Enhancing nitrogen management
in corn silage: insights from
field-level nutrient use indicators

Agustin J. Olivo?, Kirsten Workman'? and Quirine M. Ketterings*

!Department of Animal Science, Cornell University, Ithaca, NY, United States, 2PRO-DAIRY,
Department of Animal Science, Cornell University, Ithaca, NY, United States

Corn (Zea mays L.) silage is an important feed ingredient in dairy cow diets in
New York (NY). Improving corn nitrogen (N) management will help increase
farm profitability while reducing environmental impacts from N losses. The
objectives of this study were to (1) characterize field-based N balances and
other N use indicators for corn silage, and (2) describe major contributors
to high balances and inefficiencies as a first step to understand potential
opportunities to improve N management. Field-level N balances (N supply — N
uptake) and associated N use indicators were derived for 994 field observations
across eight NY dairy farms and 5years. Available and total N balances per ha,
which differed only in the fraction of manure N accounted for (plant-available
N or total N, respectively), yield-scaled N balances, and N uptake/N supply were
calculated. The median balance across all fields was 111 kg N ha™* for available N
and 245 kg N ha™! for total N. Median yield-scaled available and total N balances
were 2.7 and 6.0kgN Mg, respectively. Median N uptake/N supply was 0.60
for available N and 0.41 for total N. Differences in N use indicators were larger
among farms than among years within a farm. The amount of N supply greatly
influenced N use indicators, manure N supply explaining the largest portion of
the variability. At the whole-farm level, balances per ha were positively related
to farm’s animal density and impacted by farm crop rotations and within-farm
allocation of manure N. We conclude that farms have opportunities to improve
upon N management for corn by adjusting N supply based on realistically
attainable yield, fully crediting manure and sod N contributions, improving
manure inorganic N utilization efficiency, optimizing animal density, and/or
exporting manure. Future work is needed to identify feasible ranges for field-
level N balances and incentivize the implementation of this assessment through
adaptive nutrient management policies.

KEYWORDS

field balance, dairy, New York, nutrient budget, manure conceptualization, formal
analysis, investigation, methodology

1 Introduction

Nitrogen (N) is a critical element for agricultural productivity. Despite improvements over
the last few decades, N use efficiency in agricultural systems in many cases remains low
(Lassaletta et al., 2014; Zhang et al., 2015). Optimizing N use is particularly challenging in
livestock systems given the diversity of N sources producers manage for crop production
(manure, legume N fixation, fertilizer) and the uncertainty in nutrient availability. When N
inputs surpass plant N needs, it can lead to proportionally larger reactive N losses through
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volatilization, denitrification, leaching or runoff. These losses are
associated with environmental challenges such as groundwater
contamination, eutrophication of freshwater, and global warming
(Galloway et al., 2003; Lassaletta et al., 2016). On the contrary, sustained
N supply below crop N requirements may impact crop yield and quality
(Sadeghpour etal., 2017), reduce the uptake efficiency of other nutrients,
and lead to soil organic N mining, compromising soil quality (Campbell
and Zentner, 1993).

With the intensification of dairy systems across the United States
over the last decades, corn silage use in dairy cow diets has grown
notably (Martin etal., 2017; Powell et al,, 2017). New York, which ranks
5th in milk production in the United States, has not been an exception
to this trend. In 2022, 416,826 ha of corn were planted of which 43%
were harvested as silage (USDA, 2023). Factors driving the increase in
corn silage production include a single harvest system, greater yields
and higher energy content compared to other forages (Powell and Rotz,
2015). With the increase in land in corn production by dairies in the
Northeast United States, N fertilizer use tends to increase as well (Ros
et al,, 2023). As large use of external N inputs is linked with higher
inefficiencies and reductions in whole-farm N use efficiency of dairies
(Martin etal,, 2017; Powell et al., 2017), it is imperative to develop tools
that aid farmers with better N management.

One strategy to monitor and improve nutrient management in
agricultural systems is the use of nutrient balances (Oenema et al., 2003;
Sharara et al., 2022). Balances have been used to track nutrient use at
the regional (Swink et al,, 2011; Zhang et al., 2019; Godber et al,, 2024),
whole-farm (Cela et al., 2015; Pearce and Maguire, 2020), and field level
(Tenorio et al, 2020). Balances are not necessarily an indicator of
nutrient losses to the environment. However, surplus N at the field level
has been shown to be associated with emissions of nitrous oxide, a
global warming gas (Grassini and Cassman, 2012; Eagle et al., 2020;
Maaz et al., 2021), surface N runoff, and N leaching (Zhao et al., 2016;
Sadeghpour et al., 2017; McLellan et al., 2018; Hanrahan et al., 2019;
Tamagno et al., 2022). Ideal field-level N balances are positive, but not
excessively large, in order to replenish soil organic N, support the
growth of unharvested plant material, and account for nutrients not
recovered by plants while growing.

Regulations for Concentrated Animal Feeding Operations (CAFOs)
in New York (NY) require producers to have a Comprehensive Nutrient
Management Plan (CNMP) and follow land-grant university guidelines
for N management in field crops (Ketterings and Workman, 2023). In
2013, an Adaptive Nitrogen Management process was added, allowing
producers to apply N at a higher rate than recommended as long as
field-based yield records are obtained and an environmental N use
efficiency assessment is conducted to assess if the extra N was warranted
(Ketterings et al., 2023). Currently, producers who opt for Adaptive
Nitrogen Management for a field, can select one of four alternatives to
evaluate N use. Options include taking corn stalk nitrate test (CSNT)
samples, conducting N rate studies, or putting in test strips to compare
the higher rate against the recommended one (Ketterings et al., 2023).
A field N balance option was added for fields planted to crops other than
corn. However, if feasible balances can be determined, this option can

Abbreviations: AU, animal unit; CAFO, Concentrated Animal Feeding Operations;
CNMP, Comprehensive Nutrient Management Plan; COS, corn silage; CSNT, corn

stalk nitrate test; SMG, soil management group.

Frontiers in Sustainable Food Systems

10.3389/fsufs.2024.1385745

also be added for corn as an alternative to CSNTs that can be spatially
variable and labor-intensive. Field-balances can provide farmers with
useful information at a scale where improvements can be implemented
(Sela et al., 2019; Van Leeuwen et al., 2019; Tenorio et al., 2020).

The objectives of this study are to (1) characterize current N use
indicators for corn silage production across eight NY dairy farms,
including N balance per ha, yield-scaled N balance, and N uptake/N
supply, and (2) describe major drivers of these indicators, as a first step
to understand potential opportunities to improve N management for
corn silage and relevant aspects to consider when defining feasible
N balances.

2 Materials and methods

2.1 Farm characteristics, data collection
and quality

Data were collected for eight dairy farms (Table 1), two each in
eastern, northern, central, and western NY. Farms 2 and 5 were
medium CAFOs (between 300 and 700 mature cows) and the rest
were large CAFOs (more than 700 mature cows). General farm
information was obtained from the input sheets of the Cornell
University Nutrient Management Spear Program whole farm
nutrient mass balance project (Cornell NMSP, 2023). For individual
corn fields, between 2 and 4 years of data were collected, depending
on data availability and quality (growing seasons between 2018 and
2022). Information was retrieved from individual farm records, the
farm’s CNMPs, and interviews with farm owners and consultants.
Only fields with corn silage as the harvested crop were included
(double-cropped fields were excluded due to uncertainty in yield
data for winter cereals harvested for forage). Data were checked
thoroughly for quality. Fields with incomplete or uncertain/unknown
manure application information, and a small number of fields with
unrealistic yield or balance data were excluded from the dataset. The
latter included four fields with yields equal or below 11.2 Mgha™ (5
tons acre™") and two fields with N balances smaller than —84kgha™'
(=75 Ibs acre™). Individual meetings were held with farm owners
and consultants to discuss data reliability and preliminary results.
After data quality checks were completed, 994 field*year observations
(record for an individual field in a specific year) were kept in the
dataset (10,048 ha) from 560 individual fields (5,382 ha). Aggregated
rainfall during the most relevant months of the cropping season
(April 1st to August 31st) and annual average temperature were
retrieved from CLIMOD 2 (Supplementary Figure S1; Northeast
Regional Climate Center, 2024).

2.2 Estimation of N use indicators

Field-level N use indicators were derived following the approach
described in Berlingeri et al. (2021). Briefly, N removal in individual
fields was calculated as the product of N uptake intensity (kgNMg
silage™ at 35% dry matter), and yield values for individual fields (Mg
silage ha™" at 35% dry matter). Yield was obtained by the farmers using
yield monitor systems on choppers. Raw yield monitor data were
processed through a standardized, semi-automated data cleaning
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TABLE 1 Characteristics and data collection aspects for eight New York farms analyzed in the present study.

Farm 1 Farm 2 Farm 3 Farm 4 Farm 5 Farm 6 Farm 7 Farm 8
General farm characteristics
Mature cows 2,780 652 1,521 2,774 531 1951 1,313 1,648
Animal units 3,878 1,313 3,182 5,752 1,390 3,934 2,317 3,416
Cropland (ha) 1954 657 1,509 2021 481 1,295 739 952
Animal density (AUha™") 1.98 1.98 2.11 2.84 291 3.04 3.14 3.58
Manured land (ha) 1,042 512 766 1,123 --- 796 739 712
Manured land (% of land) 53 78 51 56 - 61 100 75
Distribution of main farm crops
Sod (>25% legumes) (ha) 409 96 424 0 39 363 370 227
Sod (<25% legumes) (ha) 405 94 136 1,072 264 59 0 88
Winter cereals (ha) 32 24 0 31 0 313 31 0
Soybean (ha) 0 39 0 0 0 0 0 0
Corn grain (ha) 121 73 211 0 0 255 0 95
COS (ha, % of land) 913 (47) 248 (38) 640 (42) 873 (43) 180 (37) 503 (39) 345 (47) 486 (51)
Data collection for individual corn silage fields in the current database
Data collected (ha) 799 592 1872 2,271 602 1,047 1,242 1,622
Data collected (observations) 60 100 94 242 84 82 177 158
2018 (ha, fields) 451 (38) --- 374 (15) --- --- --- --- ---
2019 (ha, fields) 348 (22) 485 (24) 636 (76) 140 (19) 234 (37) 418 (35)
2020 (ha, fields) --- 173 (27) 669 (39) 608 (55) 136 (19) 106 (11) 292 (43) 490 (39)
2021 (ha, fields) --- 215 (35) --- 285 (34) 164 (27) 380 (31) 346 (56) 240 (31)
2022 (ha, fields) 204 (35) 344 (16) 743 (77) 163 (19) 561 (40) 370 (41) 474 (53)
COS land (% of farm COS) 44 80 73 65 84 69 90 83
COS land with manure (%) 87 67 72 84 72 65 99 87
Legume in sod before COS 0 0 0 0 0 >50% >50% >50%

AU, animal unit=454kg (1,000 Ibs) live animal weight. COS, corn silage.

protocol (Kharel et al., 2018) prior to determining yield per field.
Nitrogen uptake intensity was adjusted based on hybrid relative
maturity (4.3kgNMg™" for hybrids with <95days to maturity, and
4.1kgNMg™ for hybrids with >95days to maturity) as determined
using corn variety testing results from NY (Berlingeri et al., 2021).
When no information was available about hybrids planted in a field, an
average of 4.2kgN Mg~ was used.

Available and total N supply from different sources in each
cropping season (N supply) differed only in the fraction of N in
manure considered and were estimated as follows Equations 1, 2:

Available N supply (kg N hail) =

Nsoit + Nsod + NPast_manure + NCurrent_manure_av
+NFertilizer + N Cover _crop + N, Soybean T Nide

1)

Total N supply (kg N ha_l) =

Frontiers in Sustainable Food Systems

03

Nsoit + Nsoa + N Past _manure T N Current _manure _to
+N Fertilizer + N Cover _crop + N, Soybean + Nidie

2

Where, Nj,;=endogenous soil N supply, Ns,a=N supply from
legumes in sod crop (grass, legumes or grass-legume mixes for forage
production) prior to corn, Npy maue=N supply from manure
applications in the two previous cropping seasons, Ncurent manure_
«=Plant-available N supply from manure applications during the
current cropping season, Neyrent manure 10 = total N supply from manure
applications during the current cropping season, Np.qiier = N supply
with inorganic fertilizer application, Ngoyer crop =N supply from cover
crops prior to corn, Ngoypean =N supply from soybean crop prior to
corn, and Ny, =additional N supply in corn fields preceded by no
other crops.

Manure available N supply (Ncurrent manure av) @and manure total
N supply (Ncyrrent_manure_t0) Were defined from applications during
the current cropping season assuming: (1) N availability as
impacted by organic N mineralization rates, affected by timing
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and method of application (available inorganic N), and (2) no N
losses (total N). Manure N credits were calculated based on
farmer records for manure nutrient content, rates, timing, and
method of application, and N availability factors defined in land-
grant university guidelines (Ketterings and Workman, 2023).
Nitrogen supply from past manure applications included credits
from amendments applied up to two prior cropping seasons.
Book values for N supply from soil, sod, cover crop, soybean and
idle land were also taken from land-grant university guidelines
(Ketterings and Workman, 2023). Soil N supply values were
estimated by previous research based on soil organic N
mineralization during the cropping season and are specific for
each soil type, ranging between 56 and 90kgNha™'. Sod N
contributions vary according to the proportion of legumes in the
sod mix at the time of termination (prior to corn planting) as
reported by farmers, and rotation stage (first, second, or third
year of corn after sod), resulting in values ranging between 9 and
185kgNha™'. An additional N supply of 33kgNha™' was added
to observations where corn planting was preceded by a cover
crop, soybean crop or no crops (idle land). For the purpose of
nutrient application accounting, cropping seasons ranged
between September of the calendar year prior to corn planting,
and August of the calendar year in which corn was planted (fall
and spring).
A total of six N use indicators were derived Equations 3-8:

Available N balance (kg N ha™") =
Available N supply — N uptake 3)
Total N balance (kg N ha_l) =
Total N supply (kg Nha™! ) — N uptake (kg N ha™! ) (4)

Yield — scaled available N balance (kg N Mg_l) =

[Available N supply (kg Nha! ) — N uptake (kg N ha™! ):|

I¥ield (Mg ha™") (5)
Yield — scaled total N balance (kg N Mg_l) =

|:T0tal N supply (kg N ha! ) — N uptake (kg N ha! )}

Yield (Mg ha™) (6)
N uptake | available N supply =
N uptake (kg N ha™! ) / available N supply (kg N hail) (7)
N uptake / total N supply =

N uptake (kg N hail) / total N supply (kg N hail) (8)
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Each observation in the database was associated with a particular
soil type, soil management group (SMG), soil N uptake efficiency
category, and drainage class as defined in land-grant university
guidelines (Ketterings and Workman, 2023). Briefly, the database
included mineral soils from SMGs 1 through 5. The SMGs aggregate
fields based on soil texture and parent material. Soil N uptake
efficiency categories are soil type and drainage dependent and
represents the fraction of the inorganic N applied with external N
sources that can be recovered by plants under best management
practices. Categories include <60, 65, 70, and 75%. For drainage, five
classes were considered: poorly or very poorly drained (V+P),
somewhat poorly drained (S), moderately drained (M), and well or
excessively drained (W +E).

2.3 Statistical analysis

General descriptive statistics were derived for each of the N use
indicators considering the entire database, specific groups of fields, or
individual farms. Relative frequency distributions were used to
initially assess the variability of N supply, yield, N uptake, and N
use indicators.

The relationship between N use indicators and potential
explanatory variables were investigated using linear mixed effects
models in R (Imer function from Ime4 package) (Bates et al., 2015).
This approach utilizes restricted maximum likelihood to fit the
models and helps confidently analyze unbalanced datasets with
correlated observations. This was particularly relevant given fields
belonged to specific farms, some fields were assessed multiple years,
and different operations and vyears contributed in different
proportions to the overall dataset. Field, farm, year, and the
farm*year interaction were initially considered random effects in all
models and dropped if the variance explained was zero or nearly
zero as defined by singularity tests run by the Imer function.
Intercept-only models were initially fitted to analyze variables
intercept values, and relevance of random effects. Then, a group of
parameters of interest were tested as fixed effects, one at a time, for
their relationship with the different N use indicators and associated
variables. Data transformations (natural logarithm and square root)
were applied to yield-scaled N balance and N supply/N uptake to
ensure normality of model residuals. For yield-scaled N balance, a
constant factor equal to the sum of the minimum value in the
dataset plus one was added to all observations to ensure the
distribution had no negative values before applying the
transformations. After fitting the models, the data were evaluated
for assumptions of homogeneity of variances, and normality of
residuals using histograms, residuals vs. fitted plots, and QQ-plots.
Type III Satterthwaite corrected p values were calculated using
ImerTest package in R (Kuznetsova et al., 2020) to define the
significance of intercepts and fixed effects in the models. For each
model, the goodness of fit was estimated through the coeflicient of
determination (R?). Marginal R* (R’m, portion of the variance
explained by fixed effects), and conditional R* (R%c, portion of the
variance explained by the entire model, combining fixed and
random effects) were calculated in R using the r.squared. GLMM
function of the MuMIn package (Nakagawa and Schielzeth, 2013;
Nakagawa et al., 2017; Barton, 2023). Variables tested as fixed effects
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that had a significant relationship with the response (p <0.05) and
showed a R’m equal or greater than 0.05 were considered relevant
for the analysis.

The effects of categorical variables such as SMG, soil N uptake
efficiency categories, soil drainage classes, or rotation stage, on N use
indicators or their drivers were examined through an analysis of
variance (ANOVA) on the fitted linear mixed model (ImerTest
package) (Kuznetsova et al., 2020). If significant, post-hoc contrasts
were conducted with the emmeans function (emmeans package, R) to
detect differences between estimated marginal means for different
levels of the categorical variables using Tukey’s adjustment (Lenth
etal., 2023).

Linear models were fitted with the Im function in R (R stats
package, R Core Team, 2021), to model the relationship between farm
animal density and farm-level area-weighted averages for available N
balance, total N balance, total manure N supply, and fertilizer N

10.3389/fsufs.2024.1385745

supply. The coefficient of determination (R?) was estimated as a
measure of model fit.

3 Results

3.1 Database characteristics

Median yield across all observations was 40.6 Mgha™', with an
area-weighted mean of 43.4Mgha™" (Figure 1). Nitrogen uptake
ranged from 54 to 309 kg N ha™', with a median of 170kgNha™' (data
not shown). Available N supply ranged from 106 to 613 kg Nha™, with
a median of 278 kg Nha™’, while total N supply ranged from 106 to
958kgNha™', with a median of 426 kgNha™". For available N supply,
the largest source of N was manure, with 87kgNha™' on average
across all observations analyzed (46 and 41 kg Nha™' from organic and

A B

30% ole m! ¥=292kgNha| ol o o! % =449 kg N ha !
. SIS @) IE =276 kgNha &1 S 8 IE=410kgNha-
= 1 o =T76kgN ha-' I - g=168kgNha-'
?20%- i | I S = 0.36
o I I
g .
&= |
2 10%- . '
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Relative frequency distributions for available nitrogen (N) supply (A), total N supply (B), and corn silage yield (C), and area-weighted average N supply
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sources (individual stacked bars). In the same graph, bars with values equal or smaller than 20 kg N ha™* are not labeled. ¥ = area-weighted average,
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Soybean N mSoil N — — — 25" quantile
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inorganic fractions, respectively), followed by soil N supply
(82kgNha™), and fertilizer (71kgNha™") (Figure 1D).

Fertilizer N was applied in 952 observations (96% of the
database). Seventy-eight percent of the observations received
manure applications during the current cropping season (n =772)
and in 46% (n=457) of all data points, manure was incorporated
or injected in the spring prior to corn planting, resulting in
manure inorganic N credits. On average, 34% of the organic N
from manure was estimated as available while for inorganic N, an
area-weighted average of 37% was plant-available across all fields,
farms, and years. Forty-seven percent of observations had N
sod (n=469).
observations, 32% corresponded to first year corn silage after sod
(COS1, with sod N credits between 93 and 185kgNha™"), 36% to
data points in their second year of corn after sod (COS2, sod N
credits between 20 and 40kg N'ha™'), and 32% in their third year
after corn (sod N credits between 9 and 17kgNha™'). A total of
243 observations (24% of the database) had N contributions from
cover crops (33 kg Nha™). Across all farms, N supply attributed to

contributions from previous From these

residual N contributions from soybeans and idle land were low,
given dairy farms do not typically grow soybean in rotation and
little land is left idle.

3.2 Drivers of yield

Random effects explained 57% of the variability in yield in
intercept-only models (Table 2). The factor farm explained the
largest portion (22%), followed by the farm*year interaction
(19%). Field explained 16% and year 0% of the variability observed
in yield. Similarly, SMG, soil N uptake efficiency categories, and
drainage classes explained small portions of the changes in yield
observations (R’m=0.02). However,

across yield varied

10.3389/fsufs.2024.1385745

significantly across levels in these groups. Fields with soil type(s)
in SMG 1, characterized by fine- and medium to fine-textured
soils developed from lake sediments, showed significantly lower
yields than fields with soil types in other SMGs (Figure 2). Soils
for which the current N guidelines for field crops in NY assign
higher N uptake efficiency rates (75 and 70%), showed
significantly higher yields than those with lower uptake efficiency
(<60%). Fields under the category “well or excessively drained”
(W +E), exhibited significantly higher yields than those in other
drainage categories.

Manure available N supply and total N supply showed the largest
explanatory power for yield (R>'m=0.05), followed by available N supply,
and total manure N (R’m=0.04). Observations with manure
applications (n=772) had an estimated marginal mean 5.5Mgha™'
higher than fields with no manure applications (n=222) (p<0.05), with
an area-weighted average difference of 3.0 Mgha™". Observations with
manure applications also showed average available and total N supply
60kgNha™" and 255kgNha™" higher, respectively, than observations
with no manure applications. Although sod N showed low explanatory
power for changes in yield (R®'m=0.01), fields with sod N credits had a
significantly lower estimated marginal mean for yield compared to fields
without sod grown in the most recent 3 years prior to corn (40.8 vs.
42.1Mgha™).

3.3 Nitrogen use indicators

Available N balances showed a median and area-weighted average
of 111kgNha™" (Figure 3A). Total N balances showed a median of
245kgNha™', and an area-weighted average of 268 kg N ha™' (Figure 3B).
The median difference between available and total N balances was
134kgNha™', while the difference between area-weighted averages was
157kgNha™". Median values for yield-scaled available and total N

TABLE 2 Summary statistics for different linear mixed models fitted to explore the relationship between yield, and nitrogen (N) inputs, soil characteristics

and model random effects (field, farm, year and farm*year).

Intercept-only model

Intercept
R?m

Estimate p value

Random effects
F Y

R%c

Yield** 41.5 <0.01 0

0.57 0.16 0.22 0.00

Models including fixed effects

Fixed effect
Soil characteristics .
. Available N Manure  Manure ...
i SoilN N o available total SRSt
smG  Drainage oiake e supply* TG N N
class b supply
efficiency
Estimate 2.57¢7 1.29¢™? 3.51e 1.34e™? -3.62e™" ~1.50e™
SE 3.84e7" 1.64e™ 4.17¢7 1.69¢ 5.9¢ 493¢7
Yield** | p-value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.54 <0.01
R’m 0.03 0.02 0.02 0.04 0.05 0.05 0.04 0.00 0.01
R 0.55 0.57 0.56 0.58 0.58 0.58 0.58 0.57 0.57

Intercept and fixed effect coefficient estimates, standard errors, and their significance in the models, are provided. No coefficient estimates or standard errors are presented for soil
characteristics (categorical variables), as p-values correspond to the ANOVAS F test. SE, standard error; SMG, soil management group; R*m, marginal coefficient of determination; R%c,

conditional coefficient of determination; F, farm; Y, year; Res., residual. *kgNha™'; **Mgha™".
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balances were 2.9 and 6.6 kgN Mg, respectively (Figures 3C,D). For N
uptake/available N supply the median value was 0.60 (Figure 3E) and
for N uptake/total N supply, 0.47 (Figure 3F). Not considering soil N
contributions, available N balances ranged from —158 to 309kgNha™,
with a median of 29kgNha™" (data not shown). Total N balances had a
median of 163kgNha™, and ranged from —150kg to 735kgNha™".
Medians for N uptake/available N supply and N uptake/total N supply
were 0.85 and 0.51, respectively, when not including soil N supply. All
variables showed different degrees of positive skewness due a small
subset of observations with high values.

A total of 77 observations had negative balances (8% of the total
database), and 137 observations (14% of the database) showed N
uptake/available N supply above 90%. Thirteen, 13, 28, 24, 10, 3, 2,
and 7% of these high efficiency observations were from Farms 1-8,
respectively. Seventy-eight percent of the observations with N uptake/
available N supply above 90% belonged to Farms 1-4, the operations
with the lowest animal densities (AU ha™!, Table 1). Overall, available
and total N supply for these fields were 84 and 149kgNha™' lower,
respectively, than the average for the database, with reduced N
contributions from fertilizer, manure, and sod (similar soil N supply,
and past manure application N credits). This resulted in an average
available N balance of —5kgNha™, and a total N balance of
87kgNha™". The high efficiency data points were similarly distributed
across soil drainage and soil N uptake efficiency categories, compared
to the entire database, but had a larger proportion of soil types in
SMG 4 (50% vs. 24%). Soil management group 4 clusters coarse- to
very coarse-textured soils, formed from gravelly or sandy glacial
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outwash or glacial lake beach ridges or deltas (Ketterings and
Workman, 2023). Observations with N uptake/available N supply
>90% also showed an average yield of 50.8 Mgha™', 7.4Mgha™
higher than the average for the full database.

3.4 Farm, year, and field

Year showed the smallest explanatory power across all N use
indicators (5 to 7% of the total variability, Table 3). For available N
balances per ha, farm and farm*year explained the largest proportions
of the variability. For yield-scaled available N balance, and N uptake/
available N supply, farm*year explained the largest portion of the
variability, followed by farm and field. Moreover, for total N balances
per ha, yield-scaled total N balance and N uptake/total N supply, farm
was the largest driver, followed by field. Finally, unexplained field-to-
field differences (residual, almost 50% of the variance for all models)
were as relevant as all other random factors considered together.

3.5 N uptake vs. N supply

Marginal R* results were larger for models including N supply than
N uptake, across all N use indicators (Table 4). The difference was
particularly relevant for available and total N balances per ha (R*'m of 0.75
and 0.94 for N supply in available and total balances per ha, respectively,
compared to 0.08 and 0, for N uptake) (Figure 4). Marginal R* for models
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Relative frequency distributions for available nitrogen (N) balances per ha (A), total N balances per ha (B), yield-scaled available N balances (C), yield-
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weighted average, |E = intercept estimate reported by intercept-only linear mixed effect model, o =area-weighted standard deviation, § =skewness
estimated with pearson’s second coefficient of skewness.

including N uptake as the only predictor were larger for yield-scaled N
balances, and N uptake/N supply compared to balances per ha.

3.6 Impact of N supply sources and soil
characteristics on N indicators

Available manure organic N explained 15% of the variability for
available N balances per ha, 5% for yield-scale available N balances,
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and 6% for N uptake/available N supply (Table 5). Total manure
organic N supply explained 88% of the variability for total N
balances per ha. Manure N contribution was the single largest driver
of changes in all indicators modeled among the N sources analyzed.
Estimates for model coefficients were positive for all balances,
indicating increases in manure N supply, resulted in higher balances.
For N uptake/available N supply, the relationship was negative.
Congruent with this finding, fields with manure applications showed
significantly higher available N balances per ha than fields receiving
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TABLE 3 Intercept estimates, standard errors, p values and variance components of random effects (field, farm, year, farm*year) from intercept-only
linear mixed models, for different nitrogen (N) use indicators.

Intercept Random effects
Estimate SE Field F
Available N balance* 102.6 17.99 <0.01 0.00 0.53 0.09 0.20 0.07 0.18 0.47
Total N balance* 237.0 35.6 <0.01 0.00 0.52 0.17 0.21 0.06 0.08 0.48
log(yield-scaled available N balance**) 1.61 0.09 <0.01 0.00 0.52 0.11 0.13 0.05 0.23 0.48
log(yield-scaled total N balance®**) 2.03 0.12 <0.01 0.00 0.54 0.16 0.18 0.06 0.14 0.46
log(N uptake*/available N supply*) —0.46 0.07 <0.01 0.00 0.53 0.09 0.13 0.05 0.25 0.47
log(N uptake*/total N supply*) —0.81 0.10 <0.01 0.00 0.55 0.15 0.19 0.07 0.15 0.45

Numbers shown for individual random effects correspond to the proportion of the model variance explained by each variable. SE, standard error; R?m, marginal coefficient of determination;
R’c, conditional coefficient of determination; F, Farm; Y, Year; Res., Residual. *kg N'ha™'; **yield-scaled N balance after initial transformation.

TABLE 4 Summary statistics for different linear mixed models fitted to explore the relationship between each nitrogen (N) use indicator and N supply
and N uptake.

Response variable = Fixed effect Estimate SE p value R’m R%c
Available N balance* N supply* 0.89 0.02 <0.01 0.75 0.89

N uptake* —0.60 0.06 <0.01 0.08 0.57
Total N balance* Total N supply* 0.95 0.01 <0.01 0.94 0.97

N uptake* 0.00 0.14 0.99 0.00 0.52
log(yield-scaled available N supply* 3.88¢™" 1.40e~* <0.01 0.45 0.72
Nbalance**) N uptake* —6.15¢7% 3.07e <001 0.28 0.66
log(yield-scaled total N Total N supply* 2.52¢7” 6.04e7" <0.01 0.63 0.80
balance**) N uptake* —421e® 43267 <001 0.09 0.58
log(N uptake*/available N | N supply* —2.90e™" 1.05e~* <0.01 0.44 0.72
supply*) N uptake* 477e% 2.27e% <001 0.29 0.68
log(N uptake*/total N Total N supply* —2.07e™" 4.63e™" <0.01 0.65 0.82
supply*) N uptake* 3.48e 3.46e°% <001 0.09 0.60

Coeficient estimates, and standard errors of fixed effects, and their significance, are provided for each model. SE, standard error; R>'m, marginal coefficient of determination; R’c, conditional

coefficient of determination. *kg N ha™'; **yield-scaled N balance after initial transformation.

no manure (estimated marginal means of 110kgNha™ vs.

82kg Nha™', respectively). Similarly, available manure inorganic N
explained 12 and 65% of the variability in available and total balances
per ha. Balances increased with higher manure inorganic N supply.
Fertilizer N application explained 5 to 6% of the variability in
available balances per ha, yield-scaled available N balance and N
uptake/available N supply. Similar to manure N, higher N supply
with fertilizer resulted in a higher available N balance and yield-
scaled N balance, and lower N uptake/N supply.

There was a negative relationship between fertilizer N and manure
available N application (coefficient=—0.2, R®'m=0.06) (Table 6). On
average across all farms and years, fertilizer N applications were
reduced by 0.2 units, with a one unit increase in available N from
manure (combining organic and inorganic N). Only small portions of
the variability in fertilizer N application were explained by changes in
N supply from past manure applications (R*m=0.01) or sod credits
(R’'m=0.01). However, fields in the first year of corn silage after sod
(COS1) received less fertilizer N than corn in other rotation stages
(p<0.05) (Figure 5). Similarly, available N supply from manure was
partially driven by sod N credits (R”m =0.13), with significantly lower
manure N rates in COS1 compared to other stages of the rotation.
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Results show that N supply from fertilizer and manure together were
reduced by 0.64 units with each one unit increase in sod N credits,
mostly due to reductions in manure N applications for first year corn
fields after sod.

Total N balances per ha, yield-scaled available N balance, and N
uptake/available N supply differed among SMGs (Table 5). This was
not the case for available N balances per ha. In general, fields in SMGs
3 and 4 showed the lowest balances per ha and per Mg of silage, and
highest N uptake/available N supply ratios, whereas fields from SMG
1 showed the highest balances (data not shown). This reflected in part
lower yields in SMG 1 (Figure 2) combined with similar or higher total
N supply for this group, compared to higher yielding groups.
Differences were also observed for available and total balances per ha
across soil N uptake efficiency categories, but not for yield-scaled
available N balance and N uptake/available N supply. In general, the
low soil N uptake efficiency category (<60%) showed lower balances
than other categories, primarily driven by lower available and total N
supply. However, despite differences across categories of these
variables, SMG, soil N uptake efficiency categories, and drainage class
explained a small portion of the variability for most indicators
(R?’m < 1%, Table 5).
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3.7 Farm-level indicators

Nitrogen supply varied considerably at the farm level (Figure 6).
Average contributions from sod N ranged from 5 to 74kgNha™'
across farms, and average fertilizer use varied from 6 to 134kgNha™".
Available N supply from manure ranged from 24 to 72kgNha™' for
organic N, and from 1 to 57kgNha™ for inorganic N. Average percent
inorganic N availability from manure was 38, 30, 49, 36, 1, 40, 45, and
31 for Farms 1-8, respectively. The difference between available and
total N supply ranged from 94kgNha™' for Farm 3 to 219kgNha™'
for Farm 8.

Farm-level averages for yield varied from 37.5Mgha™ (Farm 5)
to 51.8 Mgha™' (Farm 3). The largest variability in yield from year to
year was observed for Farms 1, 7, and 8 (coefficient of variation = 13%)
while Farm 3 showed the lowest variability (coefficient of
variation =4%).

Averaged at the farm level, available N balances ranged from
46kgNha™" (Farm 3) to 163 (Farm 7) kg N ha™". Total N balances
ranged from 141kgNha™ (Farm 3) to 379kgNha™" (Farm 7). Mean
annual standard deviation for each of the farms for available N balance
ranged from 50kgNha™' (Farm 2 and 5) to 86 kgNha™' (Farm 6). A
lower standard deviation indicates all fields in the farm have similar
balances, and a more even allocation of N resources. Average yield-
scaled available N balances were 1.8, 2.2, 1.0, 3.2, 2.7, 3.4, 4.4, and
3.9kgN Mg for Farms 1-8, respectively. Average N uptake/available
N supply values were 0.78, 0.71, 0.85, 0.63, 0.69, 0.60, 0.53, and 0.56
for Farms 1-8, respectively.

Animal densities across farms ranged from 1.98 AU ha™' for Farm
1 to 3.58 AUha™" for Farm 8 (Table 1). Linear models testing the
relationship between farm animal density, and average available N
balances per ha, total N balances per ha, and total manure N supply
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showed p values <0.07 (Figure 7). All these indicators increased with
higher farm animal densities. This was not the case for the relationship
between farm animal density and average fertilizer N application.

4 Discussion
4.1 Nitrogen use indicators varied widely

Available N balances in the present dataset showed a median
of 111kgNha™". In NY and Vermont (VT) corn silage variety trials,
available N balances derived using the same methods as the current
study, ranged from —46 to 69 kg N ha™" across the six locations in
2021, from —26 to 90kgNha™' in 2022, and from -78 to
57kgNha™ in 2023 (Lawrence et al., 2021, 2022, 2023). The
balances were lower than the median and area-weighted average of
the current dataset, mostly reflecting that the average yield in the
variety trials was above the median and area-weighted average of
our database resulting in lower available N balances (median of
40.6 Mgha™' in the present study, versus site*year averages ranging
between 44.6 and 80.5Mgha™ in NY and VT corn variety trials).
The lower balances and higher yields for the variety trials suggest
that for many of the fields in the current database, N may have not
been limiting yield.

Sela et al. (2018) reported N balances ranging between 47 to
148 kg N ha™' for a dataset including 127 on-farm field trials across
several US states, where 9% of the observations were corn silage,
and 20% included manure applications. Although this study
included manure and previous crop N credits, it did not consider
soil N contributions. The median available N balance for the
current dataset without considering soil N contributions
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TABLE 5 Summary statistics for different linear mixed models fitted to explore the relationship between nitrogen (N) use indicators, and N inputs, and
soil characteristics.

Fixed effect
Soil characteristics N sources
Drainage Soil N Past Sod Manure Manure Fertilizer
class uptake manure N* organic  inorganic N*
efficiency N* E N*
Available N balance*
Estimate 0.75 0.28 0.85 0.64 0.34 1.23 118
SE 0.17 0.04 0.06 0.05 0.05 0.37 0.15
p-value 0.18 0.27 0.03 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
R’m 0.01 0.00 0.01 0.01 0.03 0.15 0.12 0.05 0.01 0.05
R 0.53 0.53 0.52 0.51 0.54 0.57 0.60 0.59 0.53 0.50
Total N balance*
Estimate 3.98 -031 1.36 1.64 ~0.20 0.64 2.70
SE 035 0.09 0.02 0.03 0.11 0.86 0.34
p-value 0.01 0.25 0.01 <0.01 <0.01 <0.01 <0.01 0.06 0.46 <0.01
R’m 0.02 0 0.01 0.10 0.01 0.78 0.65 0.00 0.00 0.06
R’ 0.52 0.52 0.51 0.39 0.54 0.88 0.85 0.51 0.52 0.49

sqrt(yield-scaled available N balance**)

Estimate - - - 2.10e™® 1.77¢™® 3.24e™% 2.45¢™" 2.13e™® 8.34e™" 4.51e™®
SE - --- --- 1.08e™" 2.58e™ 4.05e~" 3.08¢™" 2.70e~ 2.39¢™" 1.01e™®
p-value 0.03 0.08 0.16 0.05 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
R’m 0.01 0.01 0.00 0.00 0.03 0.05 0.04 0.05 0.01 0.02
R 0.52 0.53 0.52 0.52 0.54 0.53 0.55 0.58 0.53 0.51

log(N uptake*/available N supply*)

Estimate - - --- —1.43e™" —1.13e™" —2.28¢™" —1.66e™" —1.54e™" —5.60e™" —3.15e™"
SE --- --- --- 7.25e7% 1.73¢™ 2.71e™™ 2.06e™ 2.03e™ 1.60e™" 6.73¢™
p-value 0.04 0.08 0.15 0.05 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
R’m 0.01 0.01 0.00 0.00 0.03 0.06 0.04 0.06 0.01 0.02
R 0.53 0.53 0.53 0.52 0.54 0.53 0.56 0.59 0.53 0.51

Coeficient estimates, standard errors, and their significance in the models, are provided for fixed effects. No coefficient estimates or standard errors are presented for soil characteristics
(categorical variables), as p values correspond to the ANOVA F test. SE, standard error; SMG, soil management group; R’m, marginal coefficient of determination; R’c, conditional coefficient
of determination. *kgNha™'; **yield-scaled N balance after initial transformation.

(29kgNha™') was lower than the lowest record reported by Sela  balances. Balances below zero can occur when the crop is more
etal. (2018). efficient at utilizing available N than what current N supply estimates

Median values for N uptake/available N supply and N uptake/total  give it credit for, or when a specific N supply pool is underestimated.
N supply in the present dataset were 0.60 and 0.41, respectively. An  Larger quantities of N could be available from (1) manure (higher N
evaluation of N uptake/N supply across Wisconsin ranked fields as  content in manure than the one reported in the laboratory analysis,
“low efficiency” when below 0.92, “mid efficiency” from 0.92 to 1.29  due to variability attributed to sampling and analyses, and/or higher
and “high efficiency” when larger than 1.29 (Augarten et al, n.d.).  plant N availability than what is currently stipulated by book values),
However, no soil, cover crop or past manure N credits were considered  (2) sod N credits (in situations where percentage of legumes in the sod
in the N supply estimations, which results in higher efficiencies than =~ mix was higher than estimated, or environmental conditions favored
the present study, and in some cases larger than one. In comparison, ~ higher N mineralization from plant biomass than what estimated
if those N credits were not taken into account, median N uptake/  through book values), (3) soil N supply (fields with long history of
available N supply and N uptake/total N supply would be 0.96 and ~ manure application, high levels of soil organic matter, and/or favorable
0.54, respectively, in the current database. conditions for mineralization of soil organic N may result in higher

Although most of N sources were accounted for in the estimations  soil N supply than what was defined through book values), and (4)
from the present study, 14% of the observations had N uptake/  atmospheric N deposition, although contributions should be minor
available N supply values above 90, and 8% had negative available N (9kgNha™) (Baumgardner et al., 2002).
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TABLE 6 Summary statistics for different linear mixed models fitted to explore the relationship between different nitrogen (N) sources and rotation

stage.
Response variable Fixed effect
Rotation stage Manure available N* = Past manure N*
Fertilizer N* Estimate -0.13 -- —0.20 —0.42
SE 0.03 --- 0.02 0.11
p-value <0.01 <0.01 <0.01 <0.01
R’m 0.01 0.02 0.06 0.01
R 0.64 0.66 0.63 0.61
Manure available N* Estimate —-0.57 ---
SE 0.04 -
p-value <0.01 <0.01
R’m 0.13 0.14
Rc 0.53 0.51
Fertilizer N* + Manure Estimate —0.64 ---
available N* SE 0.04 .
p-value <0.01 <0.01
R’m 0.20 0.22
R 0.53 0.50

Estimates, standard errors, and their significance in the models, are provided for fixed effects. No estimate or standard error are presented for rotation stage (categorical variable), as p-values
correspond to the ANOVAS F test. SE, standard error; R?m, marginal coefficient of determination; R%c, conditional coefficient of determination; NS, not significant. *kgNha™".

In general, farms with lower average available N balances across
their land base exhibited the largest proportion of high efficiency fields
in the current dataset. A total of 40% of fields in Farm 3 had N uptake/
available N supply of 90% or higher. This farm was characterized by
lower average N supply and higher yields than other farms. Fields with
higher N uptake/available N supply were also higher yielding. This is
consistent with the current N guidelines for corn silage in NY that
recognize lower N needs per Mg of silage produced in higher-yielding
fields to account for a potential underestimation of N supply from soil
with use of book values in conditions of high productivity (Ketterings
and Workman, 2023). Higher yielding observations are then more
prone to show lower or negative N balances due to larger N removal,
and higher likelihood of underestimation of N supply with use of book
values for some sources of N.

Consistent year to year differences explained small portions of the
variability in N use indicators compared to farm to farm and field to
field differences. Farm was the single most relevant driver across
model random effects, and particularly important to explain the
variability in available balance per ha, and all indicators involving total
N supply (total N balances per ha, yield-scaled total N balances, and
N uptake/total N supply). For this last group, field also explained a
large portion of the variability. For yield-scaled available N balance,
and N uptake/available N supply farm*year explained the largest
portion of the variability. These results suggest the indicators
effectively point at farm-to-farm differences, and therefore,
opportunities for improvement in management. Furthermore, as the
different N indicators show slightly different drivers, combining
several indicators in a single evaluation can help assess different
aspects of farm management (i.e., N supply, field productivity).

Some of the N balance indicators varied across different SMGs
and soil N uptake efficiency categories in this study (not drainage
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classes). Similarly, Sela et al. (2018) found soil texture to be a
significant predictor of N surplus when analyzing corn fields in
multiple locations across the US. On the contrary, N uptake/N
supply documented for corn grain and silage fields in Wisconsin
did not significantly differ by soil type (Augarten et al., n.d.).
Although significant differences existed, the explanatory power of
these soil characteristics for the variance across indicators was
lower than other factors analyzed. Differences in performance
across SMGs, with fields in SMGs 3 and 4 showing lower balances
than fields in SMG 1, can be partially attributed to higher yields
in SMGs 3 and 4 and in part to management. Fields in SMG1 are
generally expected to attain lower yields than other soil
management groups, but they had a similar level of N supply to
fields in other SMGs resulting in larger N balances (data not
shown). This points at the opportunity of reducing N application
in SMG 1 fields according to realistically attainable crop yields.

4.2 Corn yield impacted N use indicators
less than N supply, but varied by farm and
soil characteristics

Farm-to-farm differences explained the largest portion of the
variance in yield. Different environmental conditions and
management strategies associated with each farm have an
influence on yields achieved. The farm*year interaction showed
the second largest explanatory power for yield across random
effects. This could be explained by (1) variation in management
among farms for different years, or (2) inconsistent variation of
weather patterns across farms, from year to year that impacted
yields differently. Precipitation patterns during the years analyzed
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FIGURE 5

Area-weighted average available nitrogen (N) from fertilizer and
manure applications (colored bars, A), and marginal means estimated
by linear mixed effect model outputs (B), across all farms and years
and for different stages of the crop rotation. In (A), blue numbers
(line one) on top of the graph represent number of observations in
each category, and green numbers (line two), the area-weighted
average N credits from sod for observations in each rotation stage.
Black bolded numbers on top of each bar represent the sum of the
area-weighted average available N from fertilizer and manure. In (B),
values for rotation stages that share the same letter within each row
(fertilizer N, manure available N, combined manure available N and
fertilizer N, available N balance and yield), have estimated marginal
means not significantly different at p = 0.05. COS1, COS2,

COS3 =first, second and third crop year of corn silage after sod.

varied across Farms and years, particularly for farms 1, 3 and 5,
located in the northern and northeastern part of the state,
compared to the rest of the dataset (Supplementary Figure S1).
Similarly, different patterns existed for yield variations across
farms and years. The relevance of the farm*year interaction to
explain the variance in yield, likely also explains the relevance of
this factor for explaining the variability in yield-scaled available
N balance, and N uptake/available N supply, for which N uptake
(vield), played a larger role than for balances per ha. Field to field
differences explained 16% of the variance in yield, while consistent
year-to-year differences did not explain any of the variance in
yield. Similarly, Tenorio et al. (2021) reported larger variations in
yield and N inputs across fields than across years.

In general, fields from SMGs 2-5, generally associated with
higher pre-defined soil N uptake efficiency and better drainage
showed overall enhanced yields. This is not surprising as fields
with better drainage systems tend to show better yield performance
in humid climates such as NY.

Nitrogen supply, and particularly manure N supply had an
impact on yield. Manured fields showed higher N supply, which
may have ensured no N limitations. Farmers may also choose to
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apply manure nutrients in higher-yielding fields. Another
potential explanation is that manure applications can increase
yields beyond its nutrient value, via improved soil biological
activity, nutrient cycling, soil pH and increased soil organic
carbon (Cai et al., 2019; Ramos Tanchez et al., 2023). Neither
fertilizer applications nor sod N contributions explained large
portions of the variation in yield in the current database, although
fields with sod N contributions showed lower productivity

1

(estimated marginal means of 40.8 vs. 42.1 Mg ha™', respectively).

4.3 Nitrogen supply considerably affected
N use indicators

Nitrogen supply was a larger driver for all N use indicators
compared to N uptake. This is consistent with previous studies in
Nebraska (Grassini and Cassman, 2012; 60% of the variability
explained by N supply), Ohio (Hanrahan et al., 2019; 67% of the
variability in agronomic N balances explained by N applications), and
across the US (Sela et al,, 2018). Tenorio et al. (2021) also documented
a larger influence of N inputs than yield in defining field-level N
balances for corn fields in Nebraska (88% of the variability in balances
was explained by N inputs, and only 12% by yield). These results
suggest that producers’ decisions on N inputs influence N use
indicators more than yield affected by weather variation across years.

Farm to farm differences explained more of the variation in
available N supply (28%) than field to field differences (13%), year
to year differences (4%), or the farm*year interaction (10%) (data
not shown). A relatively steady manure N supply (animal units in
the farm not varying drastically from year to year) and similar
management strategies within each operation across years may
explain why N supply was highly associated with individual
dairies and less impacted by year to year or field to field
management differences. Similarly, little variation in N supplied
to corn across years was seen in field-level N balances in Nebraska
(Tenorio et al., 2021).

Larger balances per unit of land were associated with high N
supply and low-yielding fields (Figure 4) which suggests that
factors other than N supply limited yield. These could be in-season
factors that prevent a field from achieving its yield potential
(rainfall, pest pressure), or (semi) permanent limitations in
certain environments (soil type, depth to bedrock, compaction,
drainage) not acknowledged in N application planning. Consistent
with our findings, Tenorio et al. (2021) showed that fields with
largest balances were lowest yielding and experienced no
additional benefit from large N supply. The same study showed
that fields with consistently high balances across years had higher
fertilizer N applications (no manured fields were considered), and
a larger mismatch between N inputs and economic optimum N
rate. Ranking of fields on a farm from lowest to highest available
N balances and representing N uptake and N supply for each field
will allow for quick identification of fields where N was unlikely
to limit yield, and may have been over applied (see an example for
Farm 8 in Figure 8). Fields on the right-hand side of the graph
show high available N balances. Fields with larger unavailable
manure inorganic N than available manure inorganic N indicate
inefficient use of this N fraction.
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4.4 Manure-N and Sod-N nutrient
replacement value impacted N use
efficiency

Farms showed a wide range for manure and fertilizer N supply,
reflecting differences in manure availability and management
strategies. Available manure organic and inorganic N played the
largest roles in explaining the variability of N use indicators, with
available N balances increasing and N uptake/available N supply
decreasing with an increase in manure N supply. Furthermore,
balances in manured fields were significantly higher than in fields not
receiving manure. Fertilizer was also relevant to explain variability in
available N balances per ha, yield-scaled available N balances and N
supply/available N uptake, but to a smaller degree. These findings are
similar to previous research that showed larger N balances in areas
with manure N applications, compared with others receiving only
inorganic N fertilizer (Khanal et al., 2014; Sela et al., 2018; Hanrahan
etal, 2019). Improving manure N utilization can then help enhance
N use efficiency in these farms. Opportunities to reduce large balances
in cropping systems where manure nutrients are available may differ
from those where only fertilizer nutrients are applied, given the
complexities associated with manure distribution, application, and
nutrient value assigned by producers. Access to manure storage,
availability of application equipment and their operation costs, and
number of days suitable for manure application all affect a farmer’s
ability to deliver manure nutrients with the right rate, at the right time
and application method (Ribaudo etal., 2011). In addition, uncertainty
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in manure nutrient content and release and the availability of land for
manure spreading can contribute to a larger mismatch between crop
N requirements and N applied. The 0.2 unit decrease in fertilizer N
application in corn fields with a 1 unit increase in available N from
manure documented in the present study suggests that manure is
valued as an N source but uncertainty about the amount by which
fertilizer N could be reduced exists. Considering all these possibilities,
identifying farm-specific management strategies (infrastructure,
equipment, land availability, nutrient management planning, labor,
farmer perception) that can yield the largest return in manure nutrient
utilization is necessary to advance N use efficiency.

Large reductions in manure and fertilizer N applications were
documented with increases in N availability from sod, mostly driven
by lower manure N applications for first year corn silage after sod in a
rotation (COS1). This shows that farmers valued sod N credits,
consistent with research that showed external N application can
be reduced to starter N fertilizer only when corn is grown in rotation
with sods (Lawrence et al., 2008; Yost et al., 2014a). However, despite
this reduction in fertilizer and manure N applied to first year corn, the
average available N supply remained substantial (71kgNha™), which
resulted in average available N balances for COSI higher than for
fields with no sod N credits. This could indicate farmers in the current
study valued sod N credits less than the value assigned in land-grant
university guidelines (Ketterings and Workman, 2023), and/or that
producers applied manure beyond crops N needs, to supply nutrients
such as P and K depleted under sod years, limiting N use efficiency.
Similarly, previous work in Minnesota showed limited adoption of
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proper rotation (alfalfa) and manure N crediting by growers (Yost
etal, 2014b). Furthermore, in the present study N applications from
manure and fertilizer did not differ significantly between fields in
second or third corn crop after sod (COS2, COS3), and those with no
sod N credits. This would indicate there is no crediting of sod N
contributions beyond the first year after switching from sod to corn
silage in the rotation, similar to findings from Yost et al. (2014b).

The current database showed large farm-to-farm differences
between available and total N supply, mostly driven by manure rates
used in fields, and the percent of total land base for which spring
injection/incorporation was done. Total N balances will always
be larger than available N balances due to unavoidable losses of
manure N. However, a greater adoption of spring manure injection or
incorporation, or in-season manure injection will aid in reducing
inorganic N volatilization and can enhance N use efficiency of manure
(Ketterings and Workman, 2023). This would then reduce the gap
between available and total N balances, as long as farms have the land
base to optimally distribute the N. This is particularly relevant for
Farms 5, 2, and 8 that showed the lowest average percentage of manure
inorganic N availability across all farms (1, 30, and 35%, respectively).
Technologies that allow in-season manure application may help
increase N use efficiency from manure beyond the best results
documented in this study (49% average, Farm 3) (Scla et al,
2018, 2019).

4.5 Farm animal density was associated
with N use indicators

Nitrogen use indicators showed large ranges when averaged at
the farm level. This highlights the opportunity of those operations
with higher N balances and lower N uptake/N supply to work on
optimizing N management. Moreover, within-farm variability of N
balances differed. Farms with high average standard deviations for
N balances may have opportunities to better distribute their N
sources across fields. However, animal density played a significant
role and can limit what efficiency levels a farm may reach. Animal
densities tended to correlate with greater availability of manure N
per unit of corn silage land unless a portion of the manure was used
for other crops on the farm. Multiple studies reported in the past
the relationship between farm-level N balances, and farm animal
density (Cela et al.,, 2015; Ros et al., 2023). Ros et al. (2023) showed,
for 47 farms in the northeastern US, a higher likelihood of
surpassing feasible whole-farm N balances of 118 kgNha™' when
animal densities exceeded 1.95AUha™'. Farms 7 and 8, with
densities considerably higher than this threshold, showed the
highest available and total N supply, as well as total manure N
supply. Farms 4, 5 and 6 also had animal densities larger than
1.95 AU ha™' but their average total manure N contributions in corn
silage fields were not considerably larger than Farms 1-3, with
lower animal densities. One possible explanation is that these farms
had a relatively larger area devoted to crops with large N
requirements, other than corn silage (Table 1), providing alternative
options for manure allocation, such as sod land with low legume
content, winter cereals, or corn grain. This was not the case for
Farms 7 and 8, which had a smaller proportion of land that could
demand high N applications. This factor, paired with low or no
manure exports, would explain why increases in animal density in
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Farms 7 and 8 were associated with high N balances in corn
silage fields.

These results suggest that effectively managing farm animal
density, considering farm N needs according to crop rotations (sod N
contributions varied largely by farm) and the ability of the land base
to recycle manure nutrients, may help improve corn silage and whole-
farm N use indicators. The results for the higher animal density farms
also show that when manure N supply surpasses farm N needs after
accounting for other N sources, manure exports need to be considered.

4.6 Adaptive management should consider
field balances for corn silage

State policy in NY allows producers to opt for an Adaptive
Management Process and experiment with higher N application rates
than recommended by land-grant university guidelines, given field
yield is measured and an environmental assessment is conducted to
evaluate if the extra N was needed (Ketterings et al., 2023). The results
presented suggest field balances for corn silage can be an effective N
use efficiency metric in those scenarios, and when conducting general
nutrient use efficiency assessments. Balances are sensitive to farm
management changes and can point towards opportunities for
improvement. However, such an option should include estimation of
multiple field N use indicators, and will require the setting of
feasible limits.

5 Conclusion

Variability in N use indicators for corn silage fields was
primarily driven by N supply. Farm-to-farm differences explained
the largest portions of the variability in N supply, yield and N use
indicators, and year-to-year changes, the lowest. Manure organic
and inorganic N played the largest roles in explaining the variability
in N use indicators, with balances increasing and N uptake/N
supply decreasing as manure N supply increased. Balances increased
with animal density. Properly crediting sod and manure N
contributions, increasing manure inorganic N utilization efficiency,
reducing animal densities or exporting manure, can aid in
improving field N use indicators. Future work is needed to identify
feasible ranges for field-level N balances and incentivize the
implementation of this assessment through adaptive nutrient
management policies.
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