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ABSTRACT 18 

Assessing and improving the sustainability of dairy production systems is essential to secure future food pro-19 

duction. This requires a holistic approach that reveals trade-offs between emissions of the different green-20 

house gases (GHG) and nutrient-based pollutants and ensures that interactions between farm components are 21 

taken into account. Process-based models are essential to support whole-farm mass balance accounting, how-22 

ever, variation between process-based model results may be large and there is a need to compare and better 23 
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understand the strengths and limitations of various models. Here, we use a whole-farm mass-balance approach 24 

to compare five process-based models in terms of major nutrient (N, P) flows and greenhouse gas (GHG) emis-25 

sions associated with milk production at the animal, farm and field-scale. Results show that predicted whole-26 

farm, global warming impacts were very similar for the two whole farm models with a predicted global warm-27 

ing impact of approximately 1.1·107 kg CO2eq./year for both models and a dominant contribution of enteric CH4 28 

emissions. Model predictions were also highly comparable, i.e. within a factor of 1.5, for most nutrient flows 29 

related to the animal, barn and manure management system, including enteric CH4 emissions, and NH3 emis-30 

sions from the barn. In contrast, predicted field emissions of N2O and NH3 to air, and N and P losses to the hy-31 

drosphere, were very variable across models. This indicates that there is a need to further our understanding of 32 

soil and crop nutrient flows and that measurement data on nutrient emissions are particularly needed for the 33 

field. In addition, there is a need to further understand how the anaerobic digester influences the manure 34 

composition and subsequent emissions of N2O and NH3 after application of the digestate to the field. Empirical 35 

data on manure composition before and after anaerobic digestion are essential for model evaluation. The 36 

whole-farm mass-balance approach is advocated as an essential tool to assess and improve the sustainability of 37 

dairy production systems. Our comparison of five process-based models provides insight into the range of ex-38 

pected emissions associated with milk production. 39 

 40 
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1. Introduction  43 

The livestock production sector is a key contributor to a range of environmental challenges, at local, region-44 

al and global scales (Steiner et al. 2006, Pelletier and Tyedmers, 2010, Bouwman et al. 2013). Ruminant live-45 

stock systems contribute to global warming through GHG emissions. The global dairy sector is reported to be 46 

responsible for 2.7% of total, global greenhouse gas emissions (FAO, 2010). In the US, the dairy sector is re-47 
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sponsible for approximately 1.9% of US GHG emissions (Thoma et al. 2013). In addition, crop-livestock produc-48 

tion systems are the largest cause of human alteration of the global nitrogen (N) and phosphorus (P) cycles 49 

(Bouwman et al. 2013). This has resulted in large-scale anthropogenic disturbances in N and P cycles with re-50 

percussions for human health (e.g. secondary particle formation due to ammonia (NH3) emission and drinking 51 

water contamination by nitrate (NO3
-)) and the environment (e.g. eutrophication of lakes and coastal waters 52 

and exacerbation of hypoxic zones) (Schindler et al. 2008; Davidson et al. 2012). Finally, phosphorus is a limited 53 

resource and sustaining an adequate phosphorus supply has been identified as a major emerging challenge 54 

(Cordell and White, 2014).  55 

Assessing and improving the sustainability of dairy production systems is essential to secure future food 56 

production. This is, however, challenging. First, in large, nonhomogeneous countries like the US, milk produc-57 

tion practices and climate conditions vary widely, which can result in large, farm-specific variations in GHG and 58 

nutrient emissions (Del Grosso et al. 2005; Henderson et al. 2013). Second, in dairy production systems, nitro-59 

gen (N), phosphorus (P) and carbon (C) flows are extremely intertwined. As a result, mitigation of one specific 60 

pollutant can result in an increase in emissions of other environmental pollutants. For example, a modelling 61 

study by Dijkstra et al. (2011) suggested that dietary strategies aimed at reducing N excretion from dairy cows 62 

may result in elevated methane (CH4) emissions. Third, nutrient flows between farm components, such as the 63 

animal herd, the manure management system, the field, and the feed, are strongly linked. Altering one aspect 64 

of this nutrient cycle can have major effects on nutrient flows to or from other farm components. 65 

 Understanding trade-offs between emissions of the different GHGs and nutrient-based pollutants, ensures 66 

that interactions between nutrient and C cycles, and interactions between farm components are considered in 67 

management decisions. Commonly used sustainability assessment methodologies such as life cycle assessment 68 

(LCA) often employ Intergovernmental Panel on Climate Change (IPCC) emission factors to quantify emissions 69 

of GHGs and nutrient-based pollutants. These emission factors are often based on rough estimates of GHG 70 

emissions and nutrient flows and cannot account for temporal and spatially-explicit variations in these flows. In 71 

addition, emission factors do not consider nutrient cycling between different farm components and do not ac-72 
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count for interaction between N, P, and C flows. From a sustainability perspective, this is problematic as it may 73 

result in masked nutrient imbalances, i.e. unaccounted losses or gains of nutrients at the animal, field or farm 74 

scale.  It may also result in sub-optimal improvements when trade-offs occur, e.g. when strategies to reduce N 75 

excretions from dairy cows result in elevated CH4 emission, as described above, or when an optimized nutrient 76 

use efficiency in one farm component negatively affects the nutrient use efficiency in other farm components. 77 

Finally, it is generally thought that the environmental performance of dairy farms can be improved by improv-78 

ing nutrient cycling efficiency between farm components, as an improved cycling efficiency would naturally re-79 

sult in lower nutrient losses, hence requiring a consideration of nutrient cycling between farm components.  80 

The whole-farm approach is a holistic approach that explicitly considers nutrient cycling between farm 81 

components (e.g., Schils et al. 2005, Schils et al. 2007). The whole-farm approach includes a mass-balance anal-82 

ysis that considers nutrient imports to the farm and nutrient exports from the farm, as well as internal nutrient 83 

flows between farm components, including animal herd, barn, manure management system, field and feed. It 84 

is a powerful methodology to develop GHG mitigation strategies for farming systems (e.g., Schils et al. 2005, 85 

Schils et al. 2007, del Prado et al. 2013). Parameterization of a whole-farm mass-balance is, however, challeng-86 

ing as it is difficult, relatively inaccurate, and very expensive to measure the assimilation and emission of GHGs 87 

on farms and to empirically determine whole-farm internal nutrient flows (Rotz et al., 2010). Process-based 88 

models can predict flows when empirical data are lacking (e.g. Del Grosso et al. 2005, Schils et al. 2005, Li et al. 89 

2012). In addition, process-based models can account for underlying processes influencing GHG emissions and 90 

nutrient balances and they may yield more reliable results than emission factors (e.g. Del Grosso et al. 2005, 91 

Schils et al. 2005, Li et al. 2012). It is thus reasoned that the whole-farm approach may be particularly powerful 92 

when process-based models are used to predict emissions and internal nutrient flows simultaneously. Variation 93 

between process-based model results may, however, be large; thus, there is a need to compare and better un-94 

derstand the strengths and limitations of various models and to analyse the level of concordance between 95 

models to provide potential ranges in emissions flows and nutrient efficiencies. Currently, a comprehensive 96 
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study analysing both nitrogen and phosphorus balances and efficiencies together with GHG and nutrient relat-97 

ed emissions is lacking. 98 

In response to these needs, we performed a quantitative comparison of five process-based models in a 99 

whole-farm mass-balance context. Specifically, we compared models in terms of whole-farm mass-balance 100 

flows, including internal N and P flows and GHG and nutrient-related emissions to the environment. The objec-101 

tives of this research were: i) to compare process-based models in a whole-farm mass-balance context, that is 102 

in terms of predicted nutrient flows and GHG emissions, and ii) to analyse the level of concordance between 103 

the models and to identify needs for improvement. This model comparison study provides a basis for evaluat-104 

ing GHG mitigation and nutrient efficiency optimization strategies and is part of a larger project that aims to 105 

reduce the life cycle environmental impact of dairy production systems in the USA (www.sustainabledairy.org). 106 

The output of the process-based models will in particular be used to inform sustainability assessment method-107 

ologies, such as LCA. A follow-up project will focus on (partial) model evaluation with field measurement data.  108 

2. Methods 109 

All models were used to simulate a commercial dairy farm in New York using harmonized input data. We 110 

first analysed the whole-farm N and P mass-balances, comparing the models to each other and to empirical da-111 

ta. Nutrient use efficiencies were calculated for the whole-farm and relevant farm components (feed, field) in 112 

order to assess the performance of the whole-farm, to compare overall nutrient use efficiencies and to identify 113 

key farm components in terms of nutrient loss. Subsequently, we compared the models in terms of NH3, and 114 

N2O emissions to air, N and P nutrient losses from soil to ground water, as well as global warming potentials.  115 

2.1. Model descriptions 116 

In the comparison, we included five process-based models: CNCPS6.1.54, DayCent4.5, ManureDNDC, 117 

APEX0806 and IFSM4.2. All included models are well-established and have been partially evaluated with empir-118 

ical data for different farm components (e.g. IFSM: Rotz et al. 1999, Rotz et al. 2006, Rotz et al. 2014, Manure-119 

DNDC: Deng et al. 2015, Li et al. 2012, Giltrap et al. 2010, CNCPS: Higgs et al. 2012, Higgs et al. 2013, APEX: 120 

http://www.sustainabledairy.org/
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Gassman et al. 2010, DayCent: Jarecki et al. 2008, Del Grosso et al. 2008a). The models operate on different 121 

scales, each having their own unique features. The Cornell Net Carbohydrate and Protein System (CNCPSv6.1 122 

www.cncps.cornell.edu/) model is an animal scale model that predicts changes in N2O and CH4 emissions for a 123 

wide range of feed, environmental and ration characteristics (Tylutki et al. 2008, Van Amburgh et al. 2010, 124 

Higgs et al. 2012, Higgs et al. 2013). The model provides enteric emissions and nutrient balances per cow. Day-125 

Cent (www.nrel.colostate.edu/) is a daily-time step, plant-centric soil biogeochemical model (Del Grosso et al. 126 

2001, 2002, 2005). Model outputs include daily fluxes of various N-gas species (e.g., N2O, NOx, N2), dai-127 

ly CO2 flux from heterotrophic soil respiration, soil organic C and N, net primary productivity (NPP), daily water 128 

and nitrate (NO3) leaching, and other ecosystem parameters. APEX (Williams et al. 2012, 129 

www.epicapex.tamu.edu/) is a comprehensive daily-time step model able to link field to watershed-scale, 130 

simulating detailed agricultural management and quantifying productivity as well as impacts on a suite of envi-131 

ronmental processes (hydrology, erosion, net ecosystem exchange, soil carbon dynamics, nitrogen balance, 132 

etc.) (Gassman et al., 2010). The model can be configured to simulate pertinent management strategies, such 133 

as rotational grazing, movement of animals between paddocks, and application of manure removed from live-134 

stock feedlots or waste storage ponds. Manure-DNDC (www.dndc.sr.unh.edu/) provides a detailed description 135 

of the on-farm biochemical cycle of N and P as well as the use of water for each individual crop (alfalfa, corn, 136 

grass and winter wheat). The model can be used for predicting crop growth, soil temperature and moisture re-137 

gimes, soil carbon dynamics, nitrogen leaching, and emissions of trace gases including nitrous oxide (N2O), ni-138 

tric oxide (NO), dinitrogen (N2), ammonia (NH3), methane (CH4) and carbon dioxide (CO2). A specific feature of 139 

DNDC is the biogeochemical process model for quantifying greenhouse gas and ammonia emissions from live-140 

stock manure systems (Li et al. 2012). The Integrated Farm System Model (IFSM,  141 

http://www.ars.usda.gov/Main/docs.htm?docid=8519/) provides a process level simulation of farm production 142 

systems that is used to predict the performance, economics, and environmental impacts of alternative produc-143 

tion practices (Rotz et al., 2012). IFSM provides emissions for all major farm components including individual 144 

crops, machinery, cattle, and various manure sources. IFSM uses a range of methods to quantify emissions, in-145 

http://www.nrel.colostate.edu/
http://en.wikipedia.org/wiki/N2O
http://en.wikipedia.org/wiki/NOx
http://en.wikipedia.org/wiki/Nitrogen_gas
http://en.wikipedia.org/wiki/CO2
http://en.wikipedia.org/wiki/Soil_respiration#Soil_animals
http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Net_primary_productivity
http://en.wikipedia.org/wiki/Nitrate
http://en.wikipedia.org/wiki/Ecosystem
http://www.epicapex.tamu.edu/
http://www.dndc.sr.unh.edu/
http://www.ars.usda.gov/
http://www.ars.usda.gov/
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cluding process simulation and process related empirical relationships and emission factors for simple process-146 

es. 147 

2.2 Model comparison – whole farm nutrient balance and use efficiency 148 

We used a whole-farm, mass-balance framework to compare the different models (Fig. 1). In our analysis, 149 

we distinguished six internal farm components, i.e. ‘animal’, ‘barn’, ‘manure’, ‘soil’, ‘crop’, and ‘feed’. These 150 

farm components are linked in terms of nutrient flows. Nutrient outflows from the farm include emissions to 151 

the environment, such as enteric N2O emissions, and export of products (milk, animals, cash crops and ma-152 

nure). Whole-farm nutrient imports are comprised of purchased feed, purchased and applied inorganic fertiliz-153 

er (hereafter: ‘fertilizer’), N fixation by leguminous crops, N fixation by soil, and N and P deposition. Nutrient 154 

imports and exports were allocated to the appropriate farm component and all mass-balance flows were ex-155 

pressed in kg nutrient (N or P) per year.    156 

To ensure a uniform model comparison, we ran all models for a commercial dairy farm in New York State, 157 

using the same input database. For each model, we extracted all available nutrient flows that contribute to the 158 

whole-farm mass-balance (Fig. 1) in order to establish model-specific mass-balances. As models focus on dif-159 

ferent farm components, we obtained several partial mass-balances, i.e. an animal balance for CNCPS, field 160 

balances for DayCent and APEX, and whole-farm balances for IFSM and ManureDNDC. All models were run 161 

with historical weather data representative of the NY farm site. Weather data was obtained from the North 162 

American Regional Reanalysis (http://www.esrl.noaa.gov/psd/data/gridded/data.narr.html) to provide daily 163 

maximum and minimum temperature, precipitation, wind speed, and relative humidity while solar radiation 164 

was estimated using APEX0806. The farm used an eight year crop rotation cycle and all models, except CNCPs, 165 

were therefore run for at least 8 years. ManureDNDC was adapted to accommodate an 8 year crop rotation cy-166 

cle. Adaptations included an incorporation of ‘carry-over’ of manure from one year to the other in the lagoon 167 

and digester. IFSM simulations were run for 25 years and the average annual model output was used to obtain 168 

typical nutrient flows and carbon-based GHG emissions. For DayCent and APEX a 20 year (1980-1999) spin-up 169 

http://www.esrl.noaa.gov/psd/data/gridded/data.narr.html
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phase was used. Both models were run from 1980 to 2013 and model outputs from 2000 to 2013 were aver-170 

aged to obtain typical nutrient flows and carbon-based GHG emissions.  171 

The empirical data indicated an unrealistically large loss of N during manure storage. This was supported by 172 

IFSM simulations, i.e. IFSM predicted a higher manure N application rate to the field based on the number of 173 

cows on the farm. As a higher application of manure N on soil would lead to higher N emissions, we adjusted 174 

the ‘empirical’ manure application rates for the field models APEX and DayCent. That is, APEX and DayCent 175 

were run with IFSM predicted manure application rates assuming the same percentages of manure applied per 176 

crop as in the empirical data. 177 

Field application of manure contributes substantially to whole-farm ammonia emissions.  At present, Day-178 

Cent does not simulate ammonia volatilization from manure application on the field, whereas this process is 179 

simulated in the other models. To ensure a uniform comparison, we subtracted the potential amount of N lost 180 

due to ammonia volatilization from the total amount of N in manure applied to the field in DayCent simula-181 

tions. The potential amount of NH3-N volatilized was obtained from IFSM simulations. Field ammonia emissions 182 

predicted by DayCent represent NH3 volatilization of a plant-specific portion of harvested or senesced biomass 183 

N (del Grosso et al. 2008b). 184 

Nutrient use efficiencies were calculated at three different levels of the dairy production chain, i.e. feed-, 185 

field- and the whole-farm-level. There are various definitions for nutrient use efficiency used in the literature 186 

(e.g. Oenema et al. 2009). Here, feed-NUE equals the nitrogen output via milk & meat divided by the total N in-187 

take from feed. Field-NUE equals the nitrogen output in harvested crops divided by the total nitrogen input in-188 

to the field, i.e. sum of nitrogen applied with fertilizer and manure, plus, for N, the biological N fixation and N 189 

deposition. Cultivation of N fixating crops has a large influence on the field nitrogen use efficiency. We there-190 

fore calculated a second field-NUE excluding biological N fixation. The whole-farm-NUE equals the sum of ni-191 

trogen output in beneficial products, that is, milk, meat and cash crops, divided by the sum of all nutrient in-192 

puts into the farm. Similar to the field, we calculated whole-farm-NUEs including and excluding biological N 193 

fixation. We calculated similar efficiencies for phosphorus (PUE). 194 
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2.3 Model comparison – environmental emissions and global warming impact 195 

In addition to the whole-farm nutrient mass-balances and nutrient use efficiencies, we compared the mod-196 

els in terms of nutrient related emissions to the environment. Nutrient related emissions were allocated to 197 

four main farm components, i.e. animal, barn, manure management and field. Barn emissions included emis-198 

sions of N2O, NO, N2, and NH3 from manure deposited on the barn floor. Field emissions include all emissions 199 

associated with crops and soil, such as soil N2O emissions due to nitrification/denitrification processes. For the 200 

field, nutrient-related emissions were allocated to specific crops. All nutrient related emissions to the environ-201 

ment were expressed on a per kg of compound per year basis (e.g. kg N2O/yr). To facilitate comparison of pre-202 

dicted emissions with data obtained in other studies on different farms, all animal and barn-related emissions 203 

were additionally expressed on a per cow per day basis. (The average weight of animals on our farm corre-204 

sponded to a reference weight of 500 kg for one animal unit). Field-related emissions were additionally ex-205 

pressed on a per hectare grown crop basis (e.g. kg N2O/ha corn/yr).  206 

We also quantified the total global warming impact of the farm. Next to N2O emissions, we therefore col-207 

lected predicted methane (CH4) emissions for each model. Total global warming impacts were quantified for 208 

each farm process by multiplying the emissions of CH4 and N2O with the substance-specific global warming po-209 

tential (GWP100 incl. carbon-cycle feedback (ccfb), IPCC 2013, 1 for CO2, 34 kgCO2eq/kgCH4 and 298 210 

kgCO2eq/kgN2O). The substance-specific global warming impacts can be aggregated to obtain the total global 211 

warming impact (in CO2 equivalents). At this stage, biogenic CO2 emissions were excluded from the quantifica-212 

tion of global warming impacts, as the CO2 fixed by plant photosynthesis is eventually returned to the atmos-213 

phere as respired CO2 by animals and humans, when considering the entire life cycle of dairy products (IPCC, 214 

2006, Ch.10). The total biogenic CO2 input was therefore assumed to balance the biogenic CO2 output. Similar 215 

to nutrient related emissions, GHG emissions and global warming impacts were allocated to four main farm 216 

components, i.e. animal, barn, manure management, and field. For the field, GHG emissions and global warm-217 

ing impacts were allocated to specific crops. 218 
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2.4 Pilot farm 219 

Input data collected for the NY State farm include herd characteristics, detailed feed scenarios per animal 220 

group, a description of feed crop cultivation practices and a description of the manure management system. 221 

These data were collected in cooperation with the farmer and the farm’s nutritionist. A detailed description of 222 

farm characteristics is given in the Supporting Information (SI).  223 

The pilot farm consists of 1096 lactating cows, 165 dry cows and 1340 replacement animals, including 250 224 

heifer calves (SI, Table S2). The annual average milk production equaled 10,394 L/cow/year. A small percentage 225 

of this milk was fed to the heifer calves, but the largest part, i.e. 10,263 L/cow/year, was sold to the market. In 226 

addition to milk, 600 animals (300 calves and 300 cows), 90.7 metric tons manure solids and 564 metric tons 227 

wheat cash crops were exported from the farm (SI, Table S1, S8 and S9). The animals were housed in two free-228 

stall barns. Manure was collected continuously from the two barns by an automated scraper system. The ma-229 

nure was collected in a reception pit and transferred to an anaerobic digester. The digestate leaving the digest-230 

er was run through a solids separator to produce solids, which were partly used as bedding material in the two 231 

barns.  The remaining separated solids were sold to the market or applied to cropland. The separated liquid ef-232 

fluent from the digester was stored in a lagoon before being applied on cropland.  233 

The farm cultivated 982 hectares of land. The predominant soil was classified as a Honeoye silt loam (fine-234 

loamy, mixed, active, mesic Glossoboric Hapludalfs) with gently undulating slopes and a representative gradi-235 

ent of 5%. Four different crops were grown on the farm: corn, winter wheat, alfalfa and grass. Corn, winter 236 

wheat and alfalfa were grown in a typical 8 year rotation cycle with 3 years corn, 1 year winter wheat and 4 237 

years alfalfa. A crop rotation schedule was developed based on crop hectares provided by the farmer and USDA 238 

Crop Data Layer for the period 2008-2013 (SI, Table S11). In the crop rotation schedule, grass, corn silage and 239 

corn grain were continuously grown on 5%, 28.5% and 24.9% of the total area, respectively. In total 66.5% of 240 

the area was used for rotating alfalfa, corn and winter wheat in an 8 year rotation cycle. The farm produced 241 

78% of the total animal feed dry matter. The produced feed was supplemented with purchased forage (1%), 242 

purchased grain (21% total feed dry matter) and purchased protein and mineral supplements. Detailed animal 243 
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feed rations per animal group were obtained from the farm’s nutritionist and are listed in Table S3 and S4 of 244 

the Supporting Information. A field management schedule was developed based on obtained data on fertilizer 245 

and manure application rates, manure composition, broad indications of fertilizer and manure application 246 

dates (e.g. ‘spring’ application), and crop planting dates (SI, Table S12 and S13). 247 

To establish a whole-farm mass-balance, it was essential to provide all flows in a common unit, i.e. kg N per 248 

year for the nitrogen balance and kg P per year for the phosphorus balance. Nitrogen and P contents in milk, 249 

meat, purchased feed and harvested crops were calculated according to Cela et al. (2014). Milk protein report-250 

ed to producers as true protein was converted to crude protein (CP) by multiplying by 1.075 (DePeters and Fer-251 

guson, 1992), and divided by 6.38 to obtain N concentration in milk (Higgs et al., 2012). As milk P concentra-252 

tions were not reported on milk quality reports received by the producers, we used a milk P percentage of 253 

0.09% based on work by Knowlton and Herbein (2002) to obtain the amount of P exported in milk. The nutrient 254 

content in exported animals was calculated based on the nutrient body composition of livestock (Cela et al. 255 

2014). The nitrogen content of dairy and beef cattle was assumed to be 2.90% and 2.40% of the bodyweight, 256 

respectively. For P, the nutrient composition was 0.70% and 0.65% for dairy and beef cattle, respectively (Cela 257 

et al. 2014). Nitrogen and P contents in alfalfa silage and corn silage were determined based on actual forage 258 

test data from the pilot farm. A typical nutrient content was obtained by averaging 10 and 9 samples, for alfalfa 259 

silage and corn silage, respectively. For other produced feed, typical nutrient contents were obtained from the 260 

Cornell Net Carbohydrate and Protein System (CNCPS) feed library (Fox et al., 2004). Nitrogen and P contents in 261 

manure flows were calculated based on laboratory analyses of samples of different manure types from the 262 

farm (SI, Table S14). 263 

3. Results 264 

3.1 Model comparison - whole-farm nutrient balance and nutrient use efficiency  265 

Whole farm flows. Whole-farm N and P mass-balances are shown in Figure 2. The whole-farm N mass-266 

balances show that major N flows are internal to the farm with up to 343,199 kg N per year in feed, 269,344 kg 267 
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N per year excreted by the animals and 220,369 kg N per year applied on the field after manure management. 268 

The two dominant routes of N influx to the farm are N import in purchased feed and N fixation by alfalfa with 269 

up to 154,893 kg N purchased and another 123,330 kg N fixed per year. IFSM and ManureDNDC predicted that 270 

the greatest N flows out of the farm are N exports in milk and meat and N loss by volatilization of NH3, in par-271 

ticular due to manure application on the field. Nitrate losses to groundwater are also substantial, whereas N2O 272 

emissions were low in terms of kg N lost. These N2O emissions, however, are important in terms of potential 273 

global warming impacts. Both IFSM and ManureDNDC predicted a large imbalance of N in soils of 29,125 and 274 

48,043 kg N per year, respectively. Long term accumulation of soil N is unlikely, and the final destination of this 275 

N cannot be predicted.  276 

The flow pattern is similar for phosphorus with high internal P flows of up to 49,237 kg P/year in the feed 277 

and 30,403 kg P applied as manure on the fields. Purchased feed is the major route of P import to the farm 278 

with up to 26,286 kg P purchased. The greatest flow out of the farm is P exported with milk and meat, with a 279 

maximum of 14,578 kg P per year exported. Phosphorus is predicted to accumulate in soil with 9,108 and 280 

25,983 kg P per year based on IFSM and ManureDNDC predictions, respectively. Long-term accumulation of soil 281 

P is expected. 282 

Comparison of nitrogen flows for each farm component and model. The model predictions of N flows by 283 

IFSM and ManureDNDC are comparable to each other, i.e. within a factor of 1.5, for most feed, animal, barn 284 

and manure related flows: milk and meat exported, manure excreted, NH3 emissions from the barn, manure 285 

transferred from the barn to the digester and lagoon system, and N2O and NH3 emissions from the digester and 286 

lagoon system (Fig. 2c,e; see also Table S16 for a tabulation of all predicted N flows). The main difference be-287 

tween the models relates to predicted N2O emissions from the barn. ManureDNDC predicted a N2O emission 288 

close to 2,000 kg N for enteric N2O emissions plus N2O emissions from manure on the barn floor, whereas IFSM 289 

predicted an enteric N2O emission of 158 kg N with no emission from the manure.  290 

Specific field mass-balances are shown for all models, including APEX and DayCent in the Supporting Infor-291 

mation (Fig. S1). Comparing all models on a field scale shows that the predicted total amount of N lost from the 292 
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soil is comparable, i.e. within a factor of 1.7, for IFSM, ManureDNDC and APEX (range 108,594 (IFSM) – 198,085 293 

(ManureDNDC) kg N). DayCent predicted a slightly higher N loss of 224,228 kg N /yr, when the subtracted NH3 294 

volatilization is included. There are, however, large differences in where and how nitrogen is lost (Fig. 3, Fig. SI-295 

2): N loss via ammonia volatilization ranges from 23,062 kg N (APEX) to 126,625 kg N (ManureDNDC), N loss via 296 

erosion ranges from zero, i.e. not included (ManureDNDC, DayCent), to 14,203 kg N (APEX) and N loss by 297 

(de)nitrification ranges from 515 kg N (ManureDNDC) to 43,192 kg N (APEX). The difference in predicted 298 

(de)nitrification largely results from differences in predicted N2 emissions. Predicted N2 emissions by Manur-299 

eDNDC and APEX differ by two orders of magnitude and range from 35 kg N to 42,043 kg N, respectively. Mod-300 

el predictions are comparable, i.e. within a factor of 1.5, to empirical crop yields (in kg N) for all models. The 301 

lowest crop yield was predicted by ManureDNDC (154,456 kg N/yr) and the greatest crop yield was predicted 302 

by IFSM (219,839 kg N/yr incl. cash crops). Model predictions are also comparable for N fixation by alfalfa, and 303 

range from 69,392 kg N fixed/yr (APEX) to 127,054 kg N fixed/yr (DayCent). Predictions of total N leaching rates 304 

are comparable, i.e. within a factor of 2, between models and are between 44,670 kg N /yr (APEX) and 91,493 305 

kg N/yr (DayCent). An exception is the predicted N leaching for grass: on the low end APEX predicted a N leach-306 

ing rate of 5 kg N/yr, whereas, on the high end, ManureDNDC predicted a N leaching rate of 2,707 kg N/yr.  The 307 

slightly lower leaching rates predicted by APEX are compensated by a higher predicted N erosion loss by this 308 

model. 309 

Comparison of phosphorus flows for each compartment and model. For phosphorus, model predictions by 310 

ManureDNDC and IFSM are highly comparable for feed, animal, barn and manure related flows: milk and meat 311 

exported, animal manure production, net manure export from the barn to the manure storage system and ma-312 

nure application to the field. These predicted flows are within a factor of 1.1 of each other and within a factor 313 

of 1.3 of the empirical balance.  314 

Differences are larger for the field and crop balances (also see Fig. S1 for APEX and DayCent).  IFSM and 315 

ManureDNDC deviate considerably in their predictions of the amount of P harvested with crops. IFSM predict-316 

ed a total P uptake by crops of 25,147 kg, which is comparable to the empirical value of 26,588 kg P. DayCent 317 
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and APEX also predicted crop P yields within a factor of 2 from empirically observed crop P yields. In contrast, 318 

ManureDNDC predicted that only 7,105 kg P is taken up by crops. The remainder of P applied to the field is 319 

mostly accumulated in the soil. Soil P accumulation predictions are similar for DayCent, IFSM and APEX, and are 320 

between 9,108 and 12,524 kg P /yr. ManureDNDC predicted a higher soil P accumulation of 25,983 kg P/yr, 321 

which is consistent with the low estimate of crop P yield by this model. According to IFSM and APEX simula-322 

tions, phosphorus losses from soil to groundwater and surface water mostly occur by erosion. There is, howev-323 

er, a relatively large difference, i.e. a factor of 5, in predicted erosion losses by these models. Erosion P losses 324 

range from 592 kg P/yr for IFSM to 3090 kg P/yr for APEX. These erosion losses are low in comparison to the P 325 

accumulation in soil, but they may still be relevant in terms of potential eutrophication of surface waters. Ma-326 

nureDNDC and DayCent do not simulate erosion losses. 327 

Nutrient use efficiencies. Table 1 shows that feed-to-milk&meat-conversion is the least efficient pathway in 328 

terms of N and P conservation with feed nitrogen use efficiencies (NUE) around 22%. Empirical and predicted 329 

feed-NUEs by IFSM and ManureDNDC are highly comparable, i.e. feed-NUEs range from 21% to 25%. Predicted 330 

field-NUEs are generally higher, above 50%, with comparable values for IFSM, DayCent and APEX, and a slightly 331 

lower value for ManureDNDC (39%). There are, however, large differences in where and how nutrients are lost 332 

(see above). In addition, field-NUEs vary depending on whether biological fixation is included in the calculation 333 

of the nitrogen use efficiency or excluded from the NUE calculation. Field-NUEs excluding biological fixation 334 

range from 63% (ManureDNDC) to 94% (IFSM); whereas, field-NUEs including biological fixation are between 335 

39% (ManureDNDC) and 61% (IFSM). The predicted NUE for the whole-farm is model dependent. IFSM predict-336 

ed a whole-farm NUE of 69% (excl. biological fixation), whereas ManureDNDC predicted a whole-farm NUE of 337 

36%. Similar to field NUEs, whole-farm NUEs depend on the inclusion or exclusion of biological fixation. Feed 338 

phosphorus use efficiencies (feed-PUE) are comparable to feed NUEs and range from 27% to 31% (Table 1). 339 

Predicted field-PUEs range from 20% (ManureDNDC) to 72% (IFSM) and are more variable than predicted field-340 

NUEs. This is partly due to large differences in crop yield and uptake of P, specifically due to the low crop P re-341 

moval predicted by ManureDNDC. Accordingly, IFSM predicted a whole-farm NUE of 72% and ManureDNDC 342 
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predicted a whole-farm NUE of only 30%. Next to crop yields, the higher efficiency predicted by IFSM is partly 343 

related to higher exports of cash crops as included by IFSM. 344 

3.2 Model comparison - environmental emissions and global warming impact 345 

NH3 emissions. Predicted ammonia emissions, expressed in kg ammonia emitted per year, for the whole-346 

farm are between 90,791 (IFSM) and 192,490 kg NH3/yr (ManureDNDC) (Fig. 3a). Barn ammonia emissions are 347 

highly comparable, i.e. with a factor of 1.5, between IFSM (21,933 kg NH3/yr; 25 g NH3/cow/day) and Manur-348 

eDNDC (26,431 kg NH3/yr; 30 g NH3/cow/day). Predicted ammonia emissions from the digester and manure 349 

storage are comparable between IFSM and ManureDNDC, and amount to 19,464 and 12,300 kg NH3/yr, respec-350 

tively. Ammonia emissions from manure application on the field dominate whole-farm ammonia emissions, 351 

although model specific differences are found in the magnitude of this flow. Field ammonia emissions range 352 

from only 10% of total N-applied in manure and mineral fertilizer lost as NH3 for APEX (28,004 kg NH3/yr) to 353 

51% lost as NH3 for ManureDNDC (154,000 kg NH3/yr), with an intermediary value of 19% loss for IFSM (49,393 354 

kg NH3/yr).  355 

N2O emissions. Predicted N2O whole-farm emissions, expressed in kg nitrous oxide emitted per year, are 356 

similar for IFSM and ManureDNDC with predictions of total N2O emitted of 5,169 kg N2O/yr and 4,985 kg 357 

N2O/yr, respectively. Larger differences are, however, observed in component-specific emissions (Fig. 3b). For 358 

ManureDNDC, the greatest N2O emissions occur in the barn with 3,080 kg N2O/yr (3.5 g N2O/cow/day), where-359 

as IFSM predicted very low barn emissions (248 kg N2O/yr or 0.3 g N2O/cow/day). Predicted N2O emissions 360 

from the field are highly variable across models, ranging from only 0.1 % of N-applied lost as N2O (ManureD-361 

NDC) to 2.7% of N-applied lost as N2O (DayCent). Intermediary values of 0.5% and 1.3% of applied N lost as N2O 362 

were found for APEX and IFSM, respectively. On a per crop basis, all models predicted a dominant contribution 363 

of corn to total N2O emissions from the field (Fig. 3b). This is partly due to the large corn land area. Comparing 364 

crop-specific N2O emissions on a per hectare basis (Table S19) shows that N2O emissions are generally greatest 365 

for corn, with emissions ranging from 0.4 kg N2O/ha (ManureDNDC) to 15.2 kg N2O/ha (DayCent).  N2O emis-366 

sions are intermediary for alfalfa and for wheat. For alfalfa, N2O emissions range from 0.4 kg N2O/ha (Manur-367 
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eDNDC) to 3.8 kg N2O/ha (DayCent). For wheat, N2O emissions range from 0.3 kg N2O/ha (ManureDNDC) to 4.2 368 

kg N2O/ha (DayCent). Predicted N2O emissions are smallest for grass and ranged from 0.001 kg N2O/ha (APEX) 369 

to 1.2 kg N2O/ha (DayCent). 370 

Nitrate and organic N loss to water. On a per crop basis, corn dominates the loss of N from soil to water 371 

sources in all models (Fig. 3c). This dominance remains when crop-specific N losses are expressed on a per hec-372 

tare basis (Table S19). Model predictions of total N loss to groundwater were highly similar, i.e. within a factor 373 

of 1.5, with total losses between 59,572 kg N/yr for IFSM (26% of applied fertilizer plus manure N) and 91,493 374 

kg N/yr for DayCent (41% of applied fertilizer and manure N). All models predicted that leaching was the domi-375 

nant pathway of N loss to water (SI, Fig. S2a), but predicted contributions of run-off and erosion differ between 376 

the models. According to IFSM, DayCent and ManureDNDC, erosion and run-off contribute negligibly to total N 377 

loss to water. In contrast, APEX predicted a contribution of erosion and run-off to total N loss to water of 20% 378 

and 18%, respectively.  379 

Phosphate loss to water. All models predicted that P losses occurred predominantly from corn, but large 380 

differences occurred in the values of predicted P losses from soil to water, depending on the considered re-381 

moval pathways (Fig. 3d). On the low end, DayCent predicted a total P loss from soil of 21 kg P/yr). On the high 382 

end, APEX predicted a loss of 3,572 kg P/yr, predominantly due to a higher predicted P loss with soil erosion. 383 

ManureDNDC and IFSM predicted intermediary P-losses of 294 and 724 kg P/yr. 384 

  385 
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Table 1. Nutrient use efficiencies (NUE and PUE) 386 

Nutrient Nutrient Use Efficiency Empirical IFSM4.2 ManureDNDC DayCent4.5 APEX0806 

N Feed-NUE 21.4% 24.5% 21.5%   

 Field-NUEwith  N fixation  61.4% 38.8% 56.7% 53.4% 

 Field-NUEw/o  N fixation  93.6% 63.0% 91.3% 69.3% 

 Whole-farm-NUEwith N fixation
a 36.2% 38.5% 20.4%b   

 Whole-farm-NUEw/o N fixation
a 44.1% 68.6% 35.9%b   

P Feed-PUE 26.9% 31.2% 27.1%   

 Field-PUE  71.7% 20.1% 66.2% 53.5% 

 Whole-farm-PUEa 50.9% 62.1% 30.0%a   

a. Manure export is not included in the nutrient efficiency calculation. b. To calculate the whole-farm NUE for ManureD-387 

NDC, ‘crop uptake of P’ is subtracted from ‘feed P’ to determine required P from ‘purchased feed’. 388 

Global warming impact. Predicted whole-farm, global warming impacts are very similar for IFSM and Ma-389 

nureDNDC with a predicted global warming impact of approximately 1.1·107 kg CO2eq./year for both models 390 

(Fig. 4). Predicted enteric CH4 emissions dominate GHG impacts at the individual farm level. Enteric CH4 emis-391 

sions are very similar for IFSM and CNCPS, i.e. 2.4·105 and 2.7·105 kgCH4/year, respectively, leading to a GHG 392 

contribution of 8.3·106 and 9.0·106 kg CO2eq./year, respectively. Predicted enteric CH4 emissions by ManureD-393 

NDC are slightly less, i.e. factor of 2.0, than predictions by IFSM and CNCPS. However, ManureDNDC predicted 394 

a higher contribution of emissions from manure on the barn floor to the total barn methane emission.  395 

IFSM and DayCent both predicted an important contribution (12% - 24% based on total GWP predicted by 396 

IFSM) of N2O emissions from cropland to the total global warming potential. In contrast, ManureDNDC predict-397 

ed N2O emissions from fields to contribute negligibly (0.01%) to total global warming potentials. N2O emissions 398 

from the barn floor are, however, a non-negligible contributor to greenhouse gas impacts (8.5% contribution) 399 

according to ManureDNDC.  400 
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4. Discussion 401 

4.1 Model comparison 402 

Model predictions are comparable for nutrient flows related to the animal, i.e. milk&meat production, en-403 

teric emission of methane and nitrous oxide, and manure production, suggesting that the animal system is 404 

well-understood. This observation is consistent with results from previous model evaluation studies. In previ-405 

ous studies, IFSM simulated dry matter (DM) and N excretions accurately represented individual cow and herd 406 

excretions (Rotz et al. 1999, Rotz et al. 2006). Similarly, Higgs et al. (2012) showed that CNCPS accurately 407 

(r2=0.96) predicted total manure N excretion from lactating dairy cows. CNCPS predictions of enteric methane 408 

emissions also were not significantly different from measured data obtained in metabolic chamber experi-409 

ments. An evaluation of ManureDNDC with measurements of CH4 concentrations in a feed cell and a free-stall 410 

barn showed that model predictions of CH4 fluxes were comparable both in temporal trend and in magnitude 411 

with empirical fluxes (Li et al. 2012).  412 

For the barn component, our results show that predictions of barn NH3 emissions are highly similar for 413 

IFSM and ManureDNDC. This is not unexpected as comprehensive field evaluation studies have shown that 414 

both models accurately predict barn NH3 emissions in terms of temporal trend and in magnitude (Rotz et al. 415 

2014; Li et al. 2012; Deng et al. 2015). These evaluation studies were partly performed with empirical data ob-416 

tained for our pilot farm (Rotz et al. 2014; Deng et al. 2015). As part of the National Air Emissions Monitoring 417 

Study (NAEMS) program, Bogan et al. (2010) determined NH3 emissions in one of the two barns of the pilot 418 

farm. The yearly average, observed NH3 emission was 43.2 g/NH3/cow/day for a barn with 470 lactating cows. 419 

To compare this empirical observation with the predicted barn NH3 emissions for the entire farm, these meas-420 

ured data were adjusted per animal unit of 500 kg/AU, which corresponded to the average weight of all ani-421 

mals at the pilot farm. This results in an empirical average NH3 emission of 34 gNH3/cow/day. Predicted barn 422 

ammonia emissions for IFSM (25 gNH3/cow/day) and ManureDNDC (30 gNH3/cow/day) are within a factor of 423 

1.4 of the observed value and correspond well to the empirical data.  424 
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A large difference was found in model predictions for barn N2O emissions. ManureDNDC predicted a sub-425 

stantial emission of N2O from the barn floor, whereas in IFSM simulations barn N2O emissions were negligible. 426 

This difference is attributable to a difference in model assumptions. In IFSM, N2O emissions from manure are 427 

negligible when manure is removed from the barn within a few hours of excretion, which is supported by lim-428 

ited measurements of N2O concentrations in a free stall barn (Chianese et al. 2009). The rationale is, that ma-429 

nure does not stay in the barn long enough for substantial nitrification and denitrification processes to occur. 430 

An evaluation of ManureDNDC with limited observation data showed that model predicted N2O fluxes were in 431 

agreement with field measurements for a free stall barn (Li et al. 2012). While this may indicate that Manur-432 

eDNDC is capable of predicting total N2O emissions in the barn, it does not provide information on the im-433 

portance of manure N2O emissions in comparison to enteric N2O emissions. A further investigation of the rele-434 

vance of manure N2O emissions in a free stall barn where manure is removed very soon after excretion is 435 

needed. This is appears important, as, according to ManureDNDC, barn N2O emissions can contribute substan-436 

tially to the whole-farm global warming impact. 437 

For the manure management system, predicted nutrient-related emissions were highly comparable be-438 

tween IFSM and ManureDNDC. A minor exception was the predicted emission of N2. Predicted N2 emissions 439 

were 3 times higher in ManureDNDC than in IFSM. From an environmental perspective, this difference is irrele-440 

vant as N2 is a natural, non-reactive component of the atmosphere. This loss of N does, however, affect the 441 

whole farm balance. 442 

Field nutrient flows are much more variable across models. Two issues stand out. First, compared to the 443 

other models, ManureDNDC predicted very high NH3 volatilization from soil. In contrast, ManureDNDC under-444 

predicted soil N2O emissions compared to the other models. These differences result from predicted changes in 445 

the manure composition due to anaerobic digestion by ManureDNDC. During anaerobic digestion, tempera-446 

ture-dependent hydrolysis reactions convert stable organic matter into more easily degradable C compounds. 447 

As a consequence, the amount of easily degradable C compounds added to the soil upon manure application is 448 

reduced, which, in turn, reduces denitrification rates and thus N2O emissions. In addition, while the manure or-449 
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ganic C transforms to DOC, CO2 or CH4, the organic N transforms to NH4 (Li et al. 2012).  Upon field application 450 

of manure, this increased amount of ammonium-N is partly converted to ammonia, which causes a higher am-451 

monia volatilization rate and a lower N2O emission rate, as less ammonium is available for nitrification and sub-452 

sequent denitrification. The effects of anaerobic digestion on organic carbon pools in manure are presently not 453 

simulated by APEX and DayCent. IFSM removes digested carbon, i.e. CO2 and CH4 generated during anaerobic 454 

digestion, from the manure, but it does not simulate differences in the forms (i.e. stability) of organic carbon. 455 

Exclusion of the digester from the manure management train (lagoon only), results in a higher predicted N2O 456 

emission by ManureDNDC of 901.50 kg N2O-N /yr, which is more comparable to emission estimates by IFSM 457 

(lagoon only, 2923.5 kg N2O-N/yr), although still somewhat lower. At present, the effects of anaerobic diges-458 

tion on manure composition and emissions after field application are not well understood. In a recent review 459 

on effects of anaerobic digestion on environmental emissions, Mӧller (2015) concluded that “the direct effects 460 

of anaerobic digestion on field level emissions (NH3− and N2O− emissions, NO3 - leaching) are negligible or at 461 

least ambiguous”. For N2O, “most findings indicate a reduction of the soil-borne N2O emission after application 462 

of digestates in comparison to the undigested feedstocks, however the effects are influenced by several envi-463 

ronmental conditions, incl. soil water content, soil type and soil organic matter content” (Mӧller, 2015). Sec-464 

ond, for both N and P, there is large variability in predicted nutrient losses to the hydrosphere. Overall, APEX 465 

predicted larger losses of N and P due to erosion and run-off than the other models. This difference is particu-466 

larly striking for P. Phosphorus erosion losses range from 0 (DayCent, ManureDNDC) to 3090.1 kg P /yr (APEX). 467 

ManureDNDC does not explicitly model erosion losses, but incorporates these losses into the run-off rate. At 468 

present, the DayCent model does not account for slope and erosion and is thus a poor model for P dynamics at 469 

the landscape scale. For all field emissions, predictions of the whole-farm model IFSM fall in the range of the 470 

other models. 471 

All models predicted a relatively high amount of unaccounted N in soil. Long-term storage of N in soil pools 472 

is not considered realistic. Rather the ‘unaccounted’ soil N results from a continuous over application of ma-473 

nure and fertilizer N on cropland, particularly on corn fields. This N will eventually disappear from the system 474 
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by leaching, erosion, run-off and/or gaseous losses. The final fate and form is difficult to predict with our cur-475 

rent models. 476 

4.2 Implications and recommendations 477 

The whole-farm mass-balance approach is advocated as an essential tool to assess and improve the sus-478 

tainability of dairy production systems. Currently, whole-farm mass-balance studies often focus on one nutri-479 

ent, mainly nitrogen, sometimes in combination with an assessment of GHG impacts. Here, we present a 480 

whole-farm mass-balance for a dairy farm in NY that includes both N and P flows and an assessment of the 481 

global warming potential. Our results show that enteric CH4 emissions are dominating the total global warming 482 

impact at the individual farm level. This finding is consistent with results from other studies. Thoma et al. 483 

(2013) showed that enteric CH4 emissions contribute 25% of the total C footprint of the dairy supply chain. In 484 

addition, Del Prado et al (2013) found that enteric CH4 and crop land N2O were the main contributors to whole-485 

farm greenhouse gas impacts for grassland ruminant-based farm systems in Europe, although large site- and 486 

farm-specific variations were observed. In terms of nutrient use efficiency, the feed-to-milk&meat-conversion 487 

is also the least efficient pathway in terms of N and P conservation. This highlights the importance of the ani-488 

mal component in improving the sustainability of this particular dairy farm. 489 

Our comparison of five process-based models provides insight in the range of expected emissions associat-490 

ed with milk production. Model predictions are highly comparable for nutrient emissions related to the animal, 491 

i.e. enteric emission of methane and nitrous oxide, and NH3 emissions from the barn. A large range in predicted 492 

emissions is obtained for N2O emissions from the barn. Further model validation is required comparing empiri-493 

cal data of manure N2O emissions in a free stall barn, as a function of manure handling strategies, to model 494 

predictions. Predicted field emissions of N2O and NH3, and N and P losses to the hydrosphere, are largely varia-495 

ble across models. This indicates that there is a need to further our understanding of soil and crop nutrient 496 

flows and that measurement data on nutrient emissions are particularly needed for the field. In addition, there 497 

is a need to further understand how the anaerobic digester influences the manure composition and subse-498 
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quent emissions of N2O and NH3 after application of the digestate to the field. Empirical data on manure com-499 

position before and after anaerobic digestion are essential for model evaluation.  500 

Our model comparison study has implications for farm-gate Life Cycle Assessment (LCA) studies that aim to 501 

evaluate GHG mitigation and nutrient efficiency optimization strategies of dairy production systems. This study 502 

first highlights the importance to use whole farm models to account for the interdependence between emis-503 

sion flows in the different farm compartments. Our results suggest that the animal, barn and manure manage-504 

ment system, is relatively well understood and that process-models can be used to quantify GHG and nutrient-505 

based emissions for these farm components. An exception is the prediction of N2O emissions from the animal 506 

and barn, as discussed above. At present, estimates of field related emissions are more variable and a detailed 507 

comparison with advanced measured flows is required to further enhance and test model accuracy for field-508 

based emissions and to select the most appropriate models to predict emissions for the field.  509 
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