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ABSTRACT: In the Chesapeake Bay Watershed, excess nitrogen has
contributed to poor water quality, leading to nitrogen mitigation efforts
to restore and protect the watershed. The food production system is a
top contributor to this nitrogen pollution. While the food trade plays a
vital role in distancing the environmental impacts of nitrogen use from
the consumer, previous work on nitrogen pollution and management in
the Bay is yet to carefully consider the effect of embedded nitrogen
found in products (nitrogen mass within the product) imported and
exported throughout the Bay. Our work advances understanding across
this area by creating a mass flow model of nitrogen embedded in the
food production chain throughout the Chesapeake Bay Watershed that
separates phases of the production and consumption processes for
crops, live animals, and animal products and considers commodity trade
at each phase by combining aspects of both nitrogen footprint and nitrogen budget models. Also, by tracking nitrogen embedded in
products imported and exported in these processes, we distinguished between direct nitrogen pollution and nitrogen pollution
externalities (displaced N pollution from other regions) from outside of the Bay. We developed the model for the watershed and all
its counties for major agricultural commodities and food products for 4 years 2002, 2007, 2012, and 2017 with a specific focus on
2012. Using the developed model, we determined the spatiotemporal drivers of nitrogen loss to the environment from the food chain
within the watershed. Recent literature leveraging mass balance approaches has suggested that previous long-term declines in
nitrogen surplus and improvements in nutrient use efficiency have stagnated or begun to reverse. Our results suggest that within the
Chesapeake Bay, increased corn and wheat acreage and steadily increasing livestock/poultry production may have led to the
stagnation in decreasing N loss trends from agricultural production observed over the past two decades. We also show that at the
watershed scale, trade has reduced the food chain nitrogen loss by about 40 million metric tons. This model has the potential to
quantify the effect of various decision scenarios, including trade, dietary choices, production patterns, and agricultural practices, on
the food production chain nitrogen loss at multiple scales. In addition, the model’s ability to distinguish between nitrogen loss from
local and nonlocal (due to trade) sources makes it a potential tool to optimize regional domestic production and trade to meet local
watershed’s needs while minimizing the resulting nitrogen loss.
KEYWORDS: food production chain, food trade, nitrogen footprint, nitrogen budget, nitrogen loss, substance flow analysis

1. INTRODUCTION
While reactive nitrogen (Nr) is the primary nutrient source for
plants, animals, and humans and plays a crucial role in food
production efficiency, large amounts of Nr used in agricultural
production are lost to the environment.1−5 The food production
system is a top contributor to nitrogen pollution worldwide.6−8

In the Chesapeake Bay Watershed, agricultural runoff accounts
for more than 40 percent of the Bay’s nitrogen pollution,
contributing substantially to the Bay’s poor ecosystem health.9

To have a productive and environmentally protective agricul-
tural system, it is necessary to balance the positive and negative
impacts of Nr use in this system.

Nitrogen use efficiency (NUE) and Nr loss are two metrics
that can quantify aspects of constructive and destructive effects
of nitrogen (N) in a food production chain in an attempt to

understand nitrogen system balance. A food production chain
incorporates commodity production, processing, distribution,
and consumption processes.10 For a given commodity in the
food chain, NUE is defined as a ratio of N available for the
consumption of that commodity (output N) to the N input to
produce it (input N), and Nr loss is the difference between input
N and output N.10 To increase NUE and decrease Nr loss in the
food chain, we first need to investigate how N inputs to the
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system flow through these processes.6 Nitrogen loss generated
during these processes and NUE in the system are controlled by
several factors, including landscape characteristics,11,12 produc-
tion-based factors like land use,8,13,14 and agricultural
practices,15 consumption-based factors like dietary choices,15,16

and food trade patterns.15−18 These factors also vary spatially
and temporally.4,14,19−21 Combining these factors allows for the
development of a comprehensive model that can quantify and
track N flow andNr loss in the food production chain in a region
over time, in turn helping to manage Nr loss and NUE by
determining the spatiotemporal drivers of Nr loss.
1.1. Embedded Nitrogen Accounting Tools. Nitrogen

footprint (NF) and nitrogen budget (NB) methods are two
common tools to track the mass flow of N embedded in
commodities in a food production chain and quantify Nr loss
and NUE. N-Calculator serves as an N footprint tool that
estimates total nitrogen loss to the environment during the
production and consumption of the food consumed by an
individual.6 These models enable decision-makers and stake-
holders to realize how consumers’ dietary choices relate to Nr
loss to the environment. Despite this important use, these
calculators do not determine where Nr loss occurs while this is
crucial to find the Nr loss hotspots and prioritize regions for
management. Also, they often do not provide detailed
information on how commodity trade affects the Nr loss
amount and spatial flow. Despite the further adjustments in NF
models by incorporating food and feed trade15 and a per-area
basis estimation of Nr loss intensity,1,22 they still estimate the

total Nr loss from an entity’s food consumption without
determining where the loss is released.

Using the NB method, which models nitrogen inputs and
outputs across a system’s boundary, we can quantify N flow and
estimate NUE and Nr loss at each stage of the food chain for any
region. Previous studies on food chain NB modeling have
considered a wide range of inputs and outputs such as
considering nitrogen fertilizer necessary for food production as
system boundary imports and nitrogen loss from food product
consumption as system boundary exports.10,14,23−27 Addition-
ally, the food chain NB model has been used at multiple spatial
scales, including farm level,27,28 regional,14 watershed,29 and
country scale.26 The N budget method has also been used to
determine the final pathways of Nr loss4,27,30 and the spatial
distribution of Nr loss and Nr pollution hotspots.14,24,25,31 In
terms of agricultural efficiency, several studies have utilized an
NB model to estimate NUE and determine its spatial
variation.5,10,26,27,32−35 Hence, using the NB models alongside
NF models advances it to include other aspects of a food
production chain, like production and trade, rather than just
consumption which enables the model to determine where the
N loss occurs and estimate the displaced N loss due to trade.
1.2. Regional Dimension. Despite decades of nutrient

management efforts to reduce nutrient loading in the
Chesapeake Bay, nutrient pollution has remained a top
challenge. Most research and practice in the Chesapeake Bay
Watershed on reducing nitrogen pollution have focused on
nitrogen leaching to the water bodies with less attention to total

Figure 1. Nitrogen Flow model of the Chesapeake Bay watershed Food chain (NFCBF).
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nitrogen pollution considering the Nr loss to the atmosphere
through volatilization and denitrification in addition to nitrogen
leaching.36−38 Several previous studies targeting reducing Nr
pollution have been at the field and farm scale using Best
Management Practices (BMPs),38,39 neglecting the importance
of multiple interactions at the landscape or regional scale.40−43

Despite the important role food import and export play in
distancing the environmental impacts of nitrogen use from
where the commodity is produced to where it may be processed
or consumed,15,17,18 current studies assessing nitrogen loss in
the Chesapeake Bay have limited consideration for traded
goods. In 2007, the Mid-Atlantic Water Program incorporated
regional aspects in estimating total agricultural Nr loss in the Bay
Watershed. They determined the regional variation of
agricultural nitrogen balance in the Bay Watershed by
developing nitrogen budgets of croplands in mid-Atlantic
counties for 2007.44 In addition, there are various recent studies
on the Bay’s nitrogen management, including Sabo et al.45 and
Ator et al.,36 in which they investigated the spatiotemporal
patterns and drivers of nitrogen loss sources in the watershed.
Although these models successfully showcased agricultural Nr
loss and NUE regional variation, the model’s nitrogen inputs-
outputs within the agricultural system focus on crop production
and livestock waste. To further disentangle nitrogen loss,
research on where within the food production chain Nr loss
increases and NUE decreases could enhance knowledge of
nitrogen loss and potential management solutions. Additionally,
how Nr changes due to trade would further existing approaches.
1.3. Research Goals. Leveraging nitrogen budget and

nitrogen footprint models could enable tracking nitrogen flows
embedded in food production, consumption, and trade in a
given region. To improve understanding of spatiotemporal
drivers of Nr loss in the Chesapeake Bay Watershed by
highlighting the role of food trade on regional Nr loss and NUE,
this research seeks to (1) develop detailed modeling of nitrogen
flow of food production, consumption, and trade in the
Chesapeake Bay Watershed at both watershed and regional
scales; (2) determine NUE and Nr loss at each stage of the food
production chain and show their regional variability in the
watershed; (3) distinguish between local and nonlocal Nr loss
due to commodity trade, and (4) analyze temporal trends of
food production chain Nr loss to the environment across the
watershed.

2. METHODOLOGY
The Chesapeake Bay Watershed spans 194 counties within the
six states of Delaware (DE), Maryland (MD), New York (NY),
Pennsylvania (PA), Virginia (VA), andWest Virginia (WV), and
the District of Columbia, collectively 195 regions (Figure S1). In
line with our goals, we developed a Nitrogen Flow model of the
Chesapeake Bay Watershed Food production chain (hereby
referred to as NFCBF) for the watershed, and all its counties, by
combining aspects of both nitrogen footprint and nitrogen
budget models for 4 years 2002, 2007, 2012, and 2017 with a
specific focus on 2012 (Figures 1 and S2). The model consists of
a chain of commodity production, processing, consumption,
import, and export within the boundaries of a region across
seven stages (Figure 1). The model starts with fertilizer
application to crops and Biological Nitrogen Fixation (BNF)
of legumes which are considered as new nitrogen inputs to the
model. As nitrogen flows throughout the chain through different
stages, parts of the available nitrogen in commodities flow to the
next stage, and the rest will be the nitrogen waste. Parts of the
nitrogen waste at each stage may be recycled back to the system,
serving as recycled nitrogen input, and the rest will be lost to the
environment. By nitrogen loss, we are specifically estimating all
Nr loss released to the environment, including water, air, and
soil.
2.1. Construction of the NFCBF Model. The nitrogen

mass-flow NFCBF model includes major agricultural commod-
ities and food products and their production chains (Figure 1
and Section S1). This model separates phases of the production
and consumption processes for crops, live animals, and animal
products and considers regional import−export at each phase.
For a given region in the watershed, food import−export
consists of internal flows with the counties in the watershed as
well as external flows with counties outside of the watershed.
Nitrogen embedded in commodities imported to and exported
from a region increases and decreases its available nitrogen,
respectively. Model assumptions are listed in the supplemental
document Section S2.

Primary input data to the NFCBF model are annual county-
scale crop and animal production data from the US Department
of Agriculture Census of Agriculture for 4 years 2002, 2007,
2012, and 2017,46 food commodity trade data for 2012 from
Freight Analysis Framework version 4 (FAF 4),47 and Lin et
al.,48 crop and animal processing data, conversion factors, and

Table 1. Developed Variables and Equations for the NFCBF Model

variable Figure 1 description equation unit eq

NInk black arrow N from stage n − 1 makes it to the stage n for commodity k Table S1 ton N
Nnk − 1 black box available N at stage n − 1 for consumption of commodity k Table S1 ton N
WNnk green arrow’s start point N waste produced at stage n for commodity k (Nnk − 1 − NInk ) ton N 1
RNnk purple and red arrows’ start

point
N recycled from N waste at stage n of commodity k Tables S1 and S3 ton N

Imnk NA imported commodity k to the region at stage n Table S6 and Section S1-2 ton N
Exnk NA exported commodity k from the region at stage n Table S6 and Section S1-2 ton N
Nck NA N content of commodity k Tables S2 and S4 ton N

ton Commodity

ImNnk orange arrow N embedded in imported commodity k to the region at stage n Imnk × Nck ton N 2
ExNnk blue arrow N embedded in the exported commodity k from the region at

stage n
Exnk × Nck ton N 3

RNInk purple and red arrows’ endpoint N recycled input to stage n for commodity k Tables S1 and S2 ton N
Nnk black box available N of commodity k for consumption at stage n NInk + RNInk + ImNnk− ExNnk ton N 4
LNnk green arrow’s endpoint N loss at stage n for commodity k WNnk − RNnk ton N 5
NUEnk NA nitrogen use efficiency at stage n for commodity k

+
N

N ImN ExN RN
nk

nk nk nk nk1
ratio 6
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nitrogen content data (metric ton N/ton commodity) from
agricultural agencies and the literature. It is worth mentioning
that international trade flows are omitted in this study. We also
conducted additional data processing for trade data to extract
county-wise commodity flow data (Section S1-2). Detailed
information on the data and data sources is presented in the
supplementary document (Figure S2, Sections S1-1 and S1-2,
and Tables S2 to S6).

To quantify different components of the model, we defined
and used multiple variables and equations, a summary of which
is discussed in Table 1, and the full information is provided in the
supplementary document (Tables S1−S6). For any given region
in the Chesapeake Bay Watershed, we developed nitrogen mass
balance at each stage for every commodity (Table 1). Then, the
NFCBF model components were developed and estimated
(Table S1). The column titled “Figure 1” in Table 1 illustrates
where major terms and equations fall in Figure 1. Throughout
the manuscript we refer to ton to indicate metric ton (i.e., 1000
kg).

Finally, we calculated NUE at each stage for each commodity
as a ratio of total N available for consumption (N embedded in
the commodity in that stage) to total N inputs to produce that
commodity minus the recycled N from waste in that stage (eq
6). Total N inputs at each stage include N available for
consumption from the previous stage and net import N to the
current stage. NUE varies between 0 and 1, indicating the least
and the most efficient, respectively. We calculated NUE in our
model following the approach presented by Erisman et al.10 and
Guo et al.4

2.1.1. Uncertainty Analysis of Nitrogen Loss. We used
several data sources, coefficients, and assumptions in our model
subjected to uncertainties associated with many fields and
calculation errors which raises the risk of uncertainty in the
model outcomes. To advance knowledge around uncertainty for
the NFCBF model, we assessed the effects of uncertainty in the
models’ formulation, input data, and parameters on the Nr loss.
We carried out uncertainty analysis through Monte Carlo
simulation by assessing the range of variability withinNr loss due
to the variability in the uncertain input data and parameters. To
do so, we first determined the uncertain variables and their
ranges of variability (Table S8). For any given uncertain variable,
the range of variability has been determined according to the
literature or the distribution that this variable follows. We then
generated random numbers (n = 5000) using uniform or normal
distribution for the uncertain variable (complete information is
presented in the supplementary file in Section S4-2, Table S8).
Finally, we obtained the variation of Nr loss at each stage and the
total Nr loss by estimating them with random subsets of
uncertain variables generated in the previous step.
2.2. Nitrogen Pollution Externalities in the Chesa-

peake Bay Watershed. Commodity import−export leads to
spatial nitrogen flow due to the flow of nitrogen embedded in the
commodities, displacing the Nr loss of food production-
consumption and its environmental impacts.17 Analyzing the
N flow due to commodity trade allows us to account for the
environmental impacts of the commodity production within the
exporter region while we transfer the impacts of commodity
consumption Nr loss to the importer region (Figure S3). To

Figure 2. Share of different components in the Nitrogen Flow of the Chesapeake Bay Watershed Food chain (year: 2012). The box size shows the
greatness of available N (metric tons N) at a point (the larger the box, the more the amounts of available N at that point). The arrow’s size shows the
greatness of N flow between two boxes (the larger the arrow, the more the amounts of N flow between the boxes).
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distinguish between the nitrogen pollution released to a region
in the Chesapeake Bay Watershed resulting from food
production and consumption in that region and outside of
that region, we estimated the nitrogen pollution externalities of
food production and consumption for a given region as eq 7:

=ExLN ExLNi
j

ij
(7)

where ExLNi is the total nitrogen pollution externalities in
regioni (metric tons N), and ExLNij is nitrogen pollution
externalities resulting from import and export of commodityj to
and from regioni (metric tons N). commodityj includes the
commodities in the NFCBF model. We estimated ExLNij as eq
8:

= +ExLN ExLNP ExLNCij ij ij (8)

where ExLNPij is production-based nitrogen pollution external-
ity (metric tons N) and ExLNCij is consumption-based nitrogen
pollution externality (metric tons N). We calculated ExLNPij
and ExLNCij using eqs 9 and 10, respectively.

=
×

ExLNP
TLNP (ExN ImN )

DPNij
ij ij ij

ij (9)

=
×
+

ExLNC
TLNC (ImN ExN )

(DPN ImN ExN )ij
ij ij ij

ij ij ij (10)

where ImNij is nitrogen embedded in the imported commodityj
to the regioni (metric tons N), ExNij is nitrogen embedded in the
exported commodityj from the regioni (metric tons N), DPNij is
nitrogen embedded in the domestic product of commodityj in
the regioni (metric tons N), TLNPij is the total Nr loss released
to regioni from the production of the domestic product of
commodityj (metric tons N), and TLNCij is the total Nr loss
released to regioni from the consumption of available product of
commodityj in regioni (metric tons N) (more info in Section
S2). For example, TLNPij for corn produced in regioni is equal to

the sum of corn production (LN1) and corn processing (LN2)
losses released to the regioni, and TLNCij for live animal cow
consumption in regioni is the total of cow slaughtering (LN4)
and cow meat processing (LN5) losses released to the regioni.

Using the proposed approach (eqs 7−10), we determined
nitrogen pollution externality of crops, live animals, and animal
products for the Chesapeake Bay Watershed and each county in
the watershed. For a county in the watershed, food import−
export incorporates the flows between the county and other
counties in the United States, including internal flows with other
counties in the watershed as well as external flows with counties
outside of the watershed. At the watershed scale, food import−
export incorporates the flows between the watershed and all
other counties in the United States outside of the watershed.

3. RESULTS
3.1. NFCBF Model Results. The NFCBF model results

provide information on the share of N flows at each stage of the
food chain, N recycled back to the system, the share of food
trade in N flows, and the Nr loss at each stage for all
commodities considered in the NFCBFmodel for the watershed
(Figure 2, Table S7). Nitrogen recycled back to the system
includes N recycled back to the system as fertilizer to crops from
crop processing and manure wastes (purple arrows), and N
recycled back to the system as animal feed from live animal and
animal products processing wastes (red arrows).
3.1.1. Watershed-Scale NFCBF Components.We found that

from the total nitrogen input to the crops in the watershed (526
ktons), about 70% is from fertilizer N (including new and
recycled), and 30% is from BNF of legumes (Figure 2). New
fertilizer N accounts for 70% of the total fertilizer N, and the
recycled fertilizer N (purple arrows) for the remaining 30%. The
recycled fertilizer N comes 28% from crop residues and 72%
from animal manure. Our model reveals that corn grain and
soybean not only contribute the most to domestic N production
in the watershed, but they also have the largest share of N import
to the watershed among commodities (Figure 2).

Figure 3. Fixed values of nitrogen loss at different stages (not considering uncertainty and estimated using constant variables for 2012, like Figure 2)
compared to the extreme low and high thresholds and the range of indices variation (considering uncertainty in variables) utilizing Mont Carlo
simulation (year: 2012) LN1: loss from crop production; LN2: loss from crop processing; LN3: loss from live animal production; LN4: loss from
animal slaughtering/milking/laying; LN5: loss from animal product processing; LN6: loss from animal product preparation; LN7: loss from animal
product consumption; TLN: total N Loss.
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Among crops, corn grain and wheat grain production
contributes the most in releasing N loss to the watershed
environment, respectively (Figure 2). Although wheat grain is
the second-largest source of crop production N loss in the
watershed, it has the least domestic N production among crops.
In contrast, soybean, the primary source of domestic crop N
production (N within the harvested crop: SbP N Box in Figure
2) in the watershed, has the second least crop production N loss.
This is not unexpected since soybeans are nitrogen-fixing
legumes with very limited N applied in their production process.

Among animals, poultry-broiler and cow milk contribute the
most to the domestic live animals and animal products N
production and N loss in the watershed (Figure 2). Our results
also indicate that the animal feed conversion ratio is one of the
most significant values in determining nitrogen loss and nitrogen
use efficiency. There are several regional trends in animal
production captured throughout our model as well (Section
3.1.2).

In terms of trade, for the whole commodities in the watershed,
N import (Figure 2, orange boxes) is 3% higher than N export
(Figure 2, blue boxes); however, this is not indicative of net N
changes because the import and export increase N losses within
the Bay depending on where and when they are added to the
system and which crop or animal product is being discussed.
Crops contribute the most in both N import (78%) and N

export (78%). Live animals and animal products share a similar
ratio in the remaining 22% for both N import and N export.
Among all commodities, soybean has the largest net export, and
alfalfa hay has the greatest net import.

Total nitrogen loss (TLN) shows a large variation band
(177−456 ktons N) and a relatively high coefficient of variation
(CV) (Figure 3 and Table 2). Among all stages, nitrogen loss at
the first stage (crop production) and the third stage (live animal
feeding) shows the largest variability (ktons N) and high CV.
This is in line with our sensitivity analysis of the model that
shows the most sensitive variables of the model as production
quantity for both crops and animals, crops’ fertilizer application
rates, crops’ yield N content, live animals’ weight gain, and feed
conversion ratio which are the main variables in estimating LN1
and LN3. Although LN4, LN5, and LN6 have high CVs, due to
their low magnitude and variation bands compared to LN1 and
LN3 will not be very effective on the total N loss variability
(Figure 3 and Table 2). Crop processing loss (LN2) shows the
lowest CV and a relatively small variation band, making it less
effective on the TLN variation. On the other hand, LN7 with a
relatively low CV has a relatively large variation band which
makes it somehow effective on the TLN variation.

We also compared the uncertainty around nitrogen loss
among the states located within the watershed (Table 2). The
state-level CVs follow the same pattern as the watershed, with

Table 2. Coefficient of Variation of Nitrogen Loss in the Chesapeake Bay Watershed and across States (Year: 2012)a

state LN1 LN2 LN3 LN4 LN5 LN6 LN7 TLN

watershed 32.90 2.87 22.35 28.79 34.61 24.49 8.82 13.34
Delaware (DE) 45.79 6.14 25.59 33.86 54.80 45.41 33.76 18.80
Maryland (MD) 37.50 3.39 26.30 34.78 44.19 22.52 11.52 13.31
New York (NY) 56.69 8.60 64.64 22.44 46.21 42.01 10.26 24.54
Pennsylvania (PA) 40.77 2.89 32.18 22.41 31.25 33.85 9.23 17.81
Virginia (VA) 22.63 3.31 18.68 29.64 42.35 18.39 10.52 10.63
West Virginia (WV) 21.10 5.25 20.77 31.54 47.37 22.57 14.25 13.07

aLN1: loss from crop production; LN2: loss from crop processing; LN3: loss from live animal production; LN4: loss from animal slaughtering/
milking/laying; LN5: loss from animal product processing; LN6: loss from animal product preparation; LN7: loss from animal product
consumption; TLN: total N Loss.

Figure 4. Temporal variation of nitrogen loss (LN) from the food chain in the Chesapeake Bay Watershed. Axes do not begin at 0. Each axis varies
across the food chain in terms of magnitude. LN1: loss from crop production; LN2: loss from crop processing; LN3: loss from live animal production;
LN4: loss from animal slaughtering/milking/laying; LN5: loss from animal product processing; LN6: loss from animal product preparation; LN7: loss
from animal product consumption; TLN: total N Loss.
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the least amounts for LN2 and the highest amounts for LN5,
except for New York and Pennsylvania, with the highest CV
related to LN3 and LN1, respectively. In Delaware and New
York, LN1 is very high, which is due to multiple factors,
including the high amounts and high coefficient of variation for
the crop production data and relatively high CV for crop
fertilizer application rates and nitrogen content. Also, in New
York, the CV for LN3 is very high, which is mostly affected by
the high CV within the production quantity of live animals,
specifically pigs, and the high CV of feed efficiency ratio for cow
milk.

By developing the model for 2002, 2007, 2012, and 2017, we
determined the temporal variation of nitrogen loss at every seven
stages of theNFCBFmodel (LN1 to LN7) and the TLN (Figure
4). The year 2017 shows the highest nitrogen loss within the first

two stages (crop production and processing), influenced by a big
jump in corn grain production compared to the previous years.

Despite the increase of corn grain and wheat grain in 2012
compared to the previous years, NL1 is the least in 2012, which
is as a result of a large increase in soybean, which decreased the
fertilizer need (Figure 4). Also, this production increase in 2012
for these three crops as the main sources of crop processing loss
caused an increase in LN2 in 2012 compared to the previous
years. Live animal production for all animal types except for
poultry layers had the least values for 2012, which resulted in a
significant reduction of LN3 (animal feeding loss) compared to
2002 and 2017. Despite the low domestic production of live
animals in 2012 among years, this year became the largest source
of nitrogen loss due to the live animal import, especially poultry
broilers, to the watershed. Overall, the total N loss (TLN)

Figure 5. Regional variation of N embedded in (a) net imported products, (b) domestic products, and (c) available products for consumption in the
Chesapeake Bay Watershed (year:2012).

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c07391
Environ. Sci. Technol. 2023, 57, 4619−4631

4625

https://pubs.acs.org/doi/10.1021/acs.est.2c07391?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c07391?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c07391?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c07391?fig=fig5&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c07391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


increased over the years despite not having a consistent and
similar pattern for N loss in different stages over the years.
3.1.2. Regional Variation of NFCBF Components.We found

the regional variation of net imported N (embedded in imported
products), domestic production, and available N for con-
sumption (embedded in available products) for crops, live
animals, and animal products (Figure 5). Net imported N
(import N minus export N) is positive when N embedded in the
imported product is greater than N embedded in the exported
product, and it is negative in the opposite situation. Although net
imported N from crops and animal products are positive for the

whole watershed, there are several counties in the watershed
with negative amounts (Figure 5a). We found an opposite trend
for live animals, where the Chesapeake Bay region is a net
exporter, with several counties still serving as importers.

Through this section, we will refer to the regions with positive
amounts of net imported N as net-importing regions and the
ones with negative amounts as net-exporting regions. Both
highest regional net-exporting and net-importing N are related
to crop trade at Franklin County (PA) and Sussex County (DE),
respectively, (Figure 5a). In contrast to the watershed, alfalfa hay

Figure 6. Regional variation of nitrogen loss (LN) from the food chain in the Chesapeake Bay Watershed (year:2012).
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has the highest regional net export N (in Franklin County
(PA)).

Consistent with the watershed results, crops are the primary
source of domestic N production (i.e., the N mass within the
domestically produced products) in most regions (Figure 5b).
Lancaster County (PA) and Sussex County (DE) have the
highest domestic N production amounts in all categories of
crops, live animals, and animal products. Regional domestic N
production for live animals and animal products follows the
same pattern except for the net-exporting regions of live animals
(e.g., Lancaster County (PA)), where N left the region due to
export reduces available live animal N for producing animal
products. Our model also accurately captures the largest broiler
county in the country, Sussex County (DE),49 which is shown to
have the highest net-importing of crops and live animals and
expectantly is a net-exporting region for those animal products
(Figure 5a). In contrast, Franklin County (PA) and Lancaster
County (PA), with the highest net exporting of crops and live
animals, are net-importing regions of animal products
showcasing their field crop and livestock commodity production
focus (Figure 5a).

Available product N determines total N available for
consumption in a region and is equal to the summation of
local (domestic product N) and nonlocal (net imported N)
sources. For regional available products N, live animals and

animal products follow the same pattern (influenced by
domestic production) with lower amounts than the crops
(Figure 5c). The highest amount of regional available product N
for consumption is related to Sussex County (DE) crops with
the highest regional net-importing N and domestic N
production. The huge amounts of available crop N for feeding
live animals in Sussex County (DE) (the largest poultry broiler
county in the US) were expected. It is interesting that, although
Lancaster County (PA) has the highest net-exporting of crops
and live animals, it still is one of the main sources of available N
for consumption due to the high amount of domestic N
production.

In analyzing the regional variation of N loss, we found that the
regional statistics for N loss follow the same pattern as
watershed-level results, with the highest N loss in stages 3 and
1 and the lowest amounts in stages 5 and 4 (Figure 6, Table S9).
The 10 most highly affected regions for the total N loss show
similar patterns in almost all stages (Figure 6, Table S9).
Compared to previous work, our crop production N loss results
(LN1 and LN2) show a similar pattern with the highest amounts
in the east center (Lancaster and Franklin counties of PA) and
southwest of the watershed (Rockingham in VA) and the
eastern shore of the Bay (Sussex in DE).19,50,51

3.2. Nitrogen Pollution Externalities in NFCBF. The
results of production-based nitrogen pollution externality

Figure 7. Spatial variation of food chain NUE in the Chesapeake Bay Watershed (year: 2012).
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(ExLNP), consumption-based nitrogen pollution externality
(ExLNC), and total nitrogen pollution externality (ExLN) for
the watershed are derived as −35,885, −3476, and −39,361
ktons N, respectively, indicating that food trade reduces the food
chain N loss in the watershed by about 40 million tons. To say it
in a different way, (1) if citizens in the Chesapeake Bay
Watershed were to consume all of their products’ demands from
the domestic products, we would have an even higher Nr loss in
the environment; and (2) if all the food commodities produced
in the Bay were supposed to consume locally, it would cause
moreN loss as well. Although for the whole watershed, N import
and export amounts are pretty similar, the regional variability of
trade in the watershed (Figure 5a) is responsible for the great
amounts of N loss reduction.

We also determined a regional variation of ExLNP (Figure
S4a), ExLNC (Figure S4b), and ExLN (Figure S4c) for the
Chesapeake Bay Watershed. The spatial variation of ExLN
shows a higher difference for live animals compared to crops and
animal products. It also showcases that the nitrogen pollution
externality is positive in most regions in the watershed for animal
products which is influenced by consumption-based N loss
because regional net import is mostly positive for animal
products (Figures S4c and 5a). However, for crops, ExLN is
negative in most regions where they are net-exporter of crop N.
This means that in contrast to animal products, crop trade
helped decrease the regional N loss in the watershed.
3.3. Nitrogen Use Efficiency of NFCBF. The results for

NUE of each commodity at each stage (Table S10) show the
lowest efficiency for stage 3 and the highest for stages 5 and 4,
respectively, confirming the findings from N loss where stage 3
had the greatest amount and stages 5 and 4 the least. While NUE
in stages 4 and 5 are very high, NUE (Crop) is considerably
higher thanNUE (Animal) due to the significant contribution of
the third stage (manure) in the animal-related production
processes. Also, the results for the NUE (total) for each
commodity (last column, Table S10) show that alfalfa hay has
the highest and the poultry layer has the least N use efficiency
among all commodities in the watershed.

Considering recycled N and trade in the estimation of NUE
(Figure S5) revealed that NUE has increased considerably for
the watershed in the stages where there is N recycling (stages 2,
3, 4, and 5). This showcases that although trade enhanced the
crop NUE slightly for the watershed, the highest contributing
factor in increasing the NUE at the watershed scale was N
recycling. On the other hand, regional variation of NUE in the
watershed is mainly affected by food trade (Figure 7). For
example, the net importing regions of crop N (Figure 5a) have
higher amounts of NUE2 (crop processing) (Figure 7) because
crop import increased the total nitrogen available for
consumption in the region, while the crop is processed in
another region. Likewise, the regional variation of NUE5
(animal product processing) (Figure 7) follows the same pattern
as net imported animal product N (Figure 5a); both showcase a
uniform regional variation.

Generally, the regional statistics for NUE follow the same
spatial distribution pattern as watershed-level results, with the
highest amounts in stages 5 and 2 and the lowest amounts in
stage 3 and NUE-Animal (Figure 7). Also, the regional
distribution of NUE (Animal) shows the highest counties
concentrated on the west shore of the watershed, but the
counties with the highest Crop NUE are scattered in the
watershed. For both cases, the highest amounts are related to the
net-importing counties with low domestic production.

Overall, the NUE spatial distribution in the watershed shows
that the regional variation of NUE for different commodity types
and different stages in the NFCBFmodel is mainly controlled by
both commodity trade (NUE2 and NUE5) and the recycled
input (NUE1 and NUE3). The influence of recycled input is
quite expected given the impact of manure management52,53

however, showcasing the influence of trade in stages 2 and 5
exemplifies the importance of considering entire production-
consumption chains instead of simply estimating production
values for a given watershed.

4. DISCUSSION, LIMITATIONS, AND APPLICATION OF
THE NFCBF MODEL

We built the NFCBF based upon previous work on both
nitrogen footprint and nitrogen budget, advancing the previous
nitrogen footprint models to include multiple aspects of a food
production chain beyond consumption. By switching the focus
from consumption to production and trade, we enabled the
model to determine where along the food production chain the
N loss occurs and estimate the N loss externality due to food
trade. This multiaspect model is able to quantify the effects of
various factors, including trade, dietary choices, production
patterns, and agricultural practices, on the watershed environ-
mental loss and could be utilized to evaluate environmental
protection scenarios. Although we created the model at
watershed and county scales on an annual basis, the model is
developed in a way to be applicable and implementable at any
spatial and temporal scales that the data are available.

Even though several studies have investigated nitrogen flow in
the Chesapeake Bay watershed36,38,54 at various scales thus far,
they have limited consideration for the effects of food import−
export throughout the watershed on the nitrogen loss. We show
that without considering the food trade, we end up over-
estimating the Nr loss in some regions and underestimating it in
some others (Figure S4). Likewise, the results of our study
depict that the total nitrogen loss for the whole watershed and at
the regional level has decreased when considering commodity
trade. Our model’s ability to distinguish between nitrogen loss
from local (domestic production and consumption) and
nonlocal (import and export) sources, making it a potential
tool to optimize regional domestic production and trade to meet
local watershed’s human protein needs while minimizing the
resulting nitrogen loss. Beyond the same spatial trends however,
our model further incorporates the resolution of showing the
surplus variation spatially across each stage of the crop-animal
production chain. In addition to considering commodity trade,
our model advanced available county-level N budget models19,51

by shifting the focus from croplands to the crop-animal system
boundary inclusive of trade.

In addition, we have calculated the model for the years 2002,
2007, 2012, and 2017, thus considering time series variability in
production, consumption, and trade due to multiple factors like
land-use change and production quantity on the temporal
differences in N loss. The temporal analysis of the model, along
with the spatial analysis, enables us to explore the spatiotemporal
drivers of the nitrogen loss. Despite decreases in atmospheric
nitrogen deposition onto agricultural land, recent mass balance
work has suggested that promising long-term declines in
agricultural surplus and improvements in nutrient use efficiency
have stagnated or begun to reverse after the mid-2000s, yet it is
unclear why the sudden reversal has occurred.45 Insights from
NFCBF suggest that increased corn and wheat acreage in 2017
(leading to greater fertilizer use) and steadily increasing
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livestock/poultry production after 2002 may have led to the
reversal/stagnation in decreasing N loss trends from agricultural
production observed over the past two decades (Figure 4). Our
uncertainty analysis of the model showcases a range of variability
of potential values for nitrogen loss due to uncertainty in the
model inputs, which has the potential to contribute to
understanding tradeoffs in decision making. Overall, our results
provide a more intricate view of nitrogen flow within a
watershed to show where in the food chain Nr loss is increasing
and NUE degrading.

We found that corn grain, wheat grain, poultry-broiler, and
milk are the commodities that contribute themost to releasingN
loss to the watershed environment. This aligns with expectations
since there was a big increase in corn and wheat grain production
in 2012 compared to the previous years.46 All states in the
Chesapeake Bay Watershed, except New York, are also among
the top 20 states for producing poultry broilers in the United
States.55 Specifically, Sussex County (DE) produces the most
broiler chickens in the nation by county.49 In our uncertainty
analysis, we also found that animal feed conversion rates impact
nitrogen loss in very significant ways. If the Chesapeake Bay
continues to be a large producer of poultry, continued trends in
more efficient feed conversion ratios will have a large impact on
nitrogen surplus. Also, New York and Pennsylvania are among
the top 10 states of cow-milk production in the United
States.56,57

This study shows that the NFCBF model is applicable at
multiple scales and has the ability to quantify nitrogen flow at
each phase of the food production system, and our results allow
for determining the regional and temporal variation of nitrogen
flow components, nitrogen loss hotspots, spatiotemporal drivers
of nitrogen loss, and nitrogen pollution externalities due to trade.
The first limitation of this work is that themodel is developed for
the major commodities in the Bay and not all the commodities.
For example, vegetable production is not included in the model.
Although we do not expect a great change,6 without considering
the vegetable production in the model, we expect that the model
will underestimate the regional Nr loss. Also, the nitrogen loss
estimated in this model is the total nitrogen loss released to the
environment, including to the water, air, and soil thus we do not
incorporate fate and transport estimates in this work. A potential
opportunity for future work is to explore our results to inform
nitrogen management and policy and hence restoration of the
Bay and its tributaries via determining pathways of Nr loss and
evaluating theN loss runoff in the context of the Chesapeake Bay
TMDL goals. Also, other potential future work using our model
could include running scenario analyses to indicate how policy
or land management decisions may influence these flows of
embedded nitrogen.

This study’s findings showcase that our nitrogen flow model
can quantify the nitrogen loss and nitrogen use efficiency in a
food chain incorporating trade flux at several scales. The
nitrogen model determined the key factors and sources
controlling the Nr loss values and regional variation and
identified the most affected regions. The model identified that
the primary sources of nitrogen pollution to the watershed
environment are manure loss and nitrogen fertilizer loss, which
contribute the most to releasing nitrogen loss to the watershed.
Based on the results, in terms of total nitrogen loss, the most
highly affected regions are Lancaster County (PA), Sussex
County (DE), and Rockingham County (VA), respectively. The
findings also revealed the significant contribution of trade to N
pollution reduction in the watershed (40 million tons N). The

noticeable impacts of food trade on the regional nitrogen flow
confirm the importance of integrating trade data in our model to
inform understanding around reactive nitrogen impacts from
local and nonlocal agricultural commodities and food products.
Our developed model (NFCBF) could be used as a tool to
quantify the effect of the food chain changes on a watershed or a
region’s environmental pollution and a metric to evaluate
environmental protection scenarios.
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