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By nature, nitrogen (N) cycling is complex and prone to leaks. Nitrogen exists as 

gaseous, ionic, and solid forms, and N cycling is driven and regulated by biological, 

chemical, and physical processes. Nitrogen is a required element for all life forms – their 

size and/or reproductive success are related to N availability. Industrial N fertilizer 

production, N fixation during fossil fuel combustion, and legume use in agriculture have 

more than doubled the pre-industrial global rate at which atmospheric N2 is transformed to 

biologically active pools (Vitousek et al., 1997).  

In many undisturbed natural ecosystems, N cycling is relatively tight, with little 

loss to water or the atmosphere per unit of dry matter production. Losses often are greater 

in managed ecosystems, because humans increase system productivity, remove products, 

disrupt vegetation, and alter herbivore:land ratio. 

Agriculture has been utterly transformed by the availability of manufactured 

fertilizers that are inexpensive and easy to transport and handle. These fertilizers severed 

the need for livestock and poultry manure in crop production (Oomen et al., 1998). 

Improved transport systems have allowed farmers to utilize distant markets, encouraging 

farm specialization and independence. Results can be seen in livestock density data. 

Increases of about 20% in the number of cows ha
-1

 of farmed land occurred between 1992 

and 2002 on mid-sized USA dairy farms (Powell et al., 2007b). Western US dairy farms 

have grown quickly because of higher efficiency of investment in cows, rather than land, 

but also the availability of inexpensive labor. In turn, they rely more on contracts for 

removing manure than do more integrated farms in other areas.  

Specialization and growth in productivity have lead to disrupted and inefficient N 

cycling. For example, in the mid 1990s the N surplus on Dutch dairy farms was 35 to 40 

kg N 1000 kg
-1

 milk, or 350 to 400 kg N ha
-1

 (Van Keulen et al., 1996; Hilhorst et al., 

2001). Nitrogen excess is typical in many large livestock farms in industrialized countries. 

The impacts are exacerbated by repeated manure applications on nearby fields (Sims et al., 

2005) and by higher dairy cow population density in counties with less suitable cropland 

(Isik, 2004). Many considerations affect a farmer’s decision about where to apply manure, 

including land tenure, presence of neighbors, and travel distance. Furthermore, 

considerable amounts of manure are not collected and managed, which may lead to 

concentrated sources of water contamination (Harter et al., 2001; Powell et al., 2005; 

Russelle et al., 2007c). 

Local management of N has local, regional, and global impact (Carton and Jarvis, 

2001), including nitrate (NO3)-contaminated drinking water, eutrophied terrestrial 

ecosystems, lakes, streams, and estuaries, acidified surface soils, degraded atmospheric 

clarity and increased particulate load, increased global warming, and altered composition 

and damaged health of natural plant communities. These impacts have resulted in 

increased regulation, especially of large concentrated animal feeding operations (CAFOs) 

in the USA and animal feeding operations (AFOs) in the European Union (EU).  

In the USA, the Environmental Protection Agency established nutrient 

management plan (NMP) requirements for CAFOs that require an active site-specific 

NMP, known application rates and nutrient contents of manures, soil testing, nonmanured 

buffers around surface water or connections to surface water, equipment maintenance, and 

on-site record keeping (Koelsch, 2005). Those rules “do not explicitly encourage or 

discourage manure transfer to off-farm users” (p.154), nor do they require or encourage a 

nutrient balance approach. Due tocross-border impacts, nutrient balance in Dutch 



  

agriculture moved from being a “good idea” to the “law” in 1998 (Kuipers et al., 1999). 

Re-integrating crop and livestock farming, either within farms or among farms, can 

improve both N utilization and recycling, and can help reverse soil quality degradation, 

both from soil organic matter (SOM) losses (Larson et al., 1983) and excessive nutrient 

accumulation on livestock farms. There are tremendous opportunities to help agriculture 

transform into integrated systems that are economically and ecologically beneficial, and 

that are better able to meet both private and public goals (Allen et al., 2007; Franzluebbers, 

2007; Russelle et al., 2007b; Sulc and Tracy, 2007). This paper summarizes key sources 

and products of N cycling, examples of within-farm and among-farm N cycling, and ways 

to achieve high N use efficiency (NUE) in integrated crop-livestock systems.  

 

 

NITROGEN SOURCES 

 

There are several sources of N on integrated crop-livestock systems: fertilizer, 

symbiotic and nonsymbiotic N2 fixation, imported manure, SOM, purchased feed, and 

atmospheric deposition. Minor sources include run-on of water and sediment from 

adjacent properties through erosion or flooding, irrigation water, and shallow groundwater. 

 

Fertilizer N 

 

Fertilizer N has become the major source of N in most industrialized agricultural 

systems because of ease of shipping, handling, and on-farm management, predictable N 

supply (assuming that application methods, rate, and timing are appropriate), and relatively 

low cost. Unfortunately, as fertilizer availability increased in the past half century, farmers 

and their advisors began to ignore other N sources. Millions of hectares have received too 

much N, some of which has escaped the fields to cause environmental damage. Fertilizer 

management for arable and grassland crops has been fully covered in other publications, 

and recommendations vary with crops, soils, climate, and local laws. 

 

Dinitrogen fixation 

 

Annual symbiotic N2 fixation was the primary source of biologically available N 

on Earth until recently (Vitousek et al., 1997). Annual and perennial legumes can fix 

hundreds of kg N ha
-1

 (Wedin and Russelle, 2007), but legumes also help limit overall N 

inputs because fixation is inversely proportional to N availability from other sources (Allos 

and Bartholemew, 1959; Russelle and Buzicky, 1988; Russelle et al., 2007c). Although we 

have large-scale estimates (e.g., Russelle and Birr, 2004), no reliable techniques exist for 

local, field-scale estimates of symbiotic N2 fixation. Some of the fixed N moves off the 

farm as forage, feed, or food, but soil N accumulation reduces fertilizer need for 

subsequent crops (Lory et al., 1995). The fertilizer N equivalent (i.e., the reduction in 

fertilizer N requirement) from legumes in crop rotations and pastures is relatively well 

known (Thomas, 1992; Cadish et al., 1994; Mohr et al., 1999; Kelling and Schmitt, 2003). 

Nonsymbiotic N2 fixation is less well characterized and often is considered to 

account for inputs of less than 10 kg N ha
-1

 annually in temperate-region agriculture. In 

subtropical and tropical regions, however, there is increasing evidence that N2 fixation in 

the rhizosphere and within nonlegumes can be substantial (de Oliviera et al., 2006).  

 

 

 



  

Soil organic matter 

 

Nitrogen mineralization from SOM provides N to crops in proportion to the 

amount of organic matter present in the soil (Wang et al., 2004), chemical characteristics 

of recently added plant residues, soil temperature and moisture conditions, and length of 

the period during which N mineralization can occur (Cabrera et al., 2005). Thus, under 

conditions typical of the Upper Midwest USA on fertile Mollisols, N uptake by maize (Zea 

mays L.) in the absence of manure and fertilizer N is often 80 to 150 kg N ha
-1

 (Carpenter-

Boggs et al., 2000; Sawyer et al., 2006). In contrast, N supply from SOM on more 

weathered soils in the southeastern USA may be only 30 to 60 kg N ha
-1

 (Franzluebbers, 

2007). Greater N mineralization must be matched with timely crop uptake and lower 

fertilizer N application to limit N loss. Soil under grazed perennial forages accumulates 

SOM faster than under nonharvested or mechanical removal (Franzluebbers and 

Steudemann, 2003).  

 

Manure 

 

Livestock and poultry manure, a mixture of organic and inorganic forms of N, has 

been a mainstay of agriculture for 8 to 10 millennia (Smith, 1995). Livestock feces contain 

primarily organic forms of N that mineralize at different rates. In dairy cattle manure, for 

example, nondigested plant residues are more recalcitrant than N from endogenous 

sources, such as intestinal flora and sloughed cells from the animal’s digestive tract 

(Haynes and Williams, 1993; Whitehead, 1995; Powell et al., 2006b). The main N-

containing compounds in urine, on the other hand, are urea, NH4, creatinine, creatine, and 

hippuric acid (Whitehead, 1995). Urinary excretion protects the animal against NH3 

toxicity. As dairy cows consume more N, total N excretion increases linearly, but urinary 

N excretion increases exponentially (Kebreab et al., 2001).  

Imported manure can serve as an important nutrient source on farms, and can 

increase the yield and quality of forages (Cherney et al., 2002; Macoon et al., 2002; 

VanWieringen et al., 2005). Manure additions can result in crop yields that exceed those 

obtained by fertilizer N, P, and K additions, perhaps because of improved soil conditions, 

micronutrient supply, or other effects. Like SOM, however, N mineralization from manure 

may produce excessive amounts of NO3, which can accumulate to concentrations that are 

toxic to livestock (Schmidt et al., 2003) or be lost from the field.  

 

Purchased feed 

 

Imported feed concentrates and forage comprise a large N addition, because most 

dairy farmers choose to purchase high-protein concentrates, but grow the roughages for the 

ration. For example, purchased feed equaled 4 to 181 kg N ha
-1

, representing between 2 

and 32% of total farm N imports in New Zealand and the Netherlands, respectively 

(Ledgard et al., 1998). Purchased feed was 61% of total N import on a farm in New York, 

USA, that had 320 cows, 290 heifers, and 604 ha of cropland (Klausner et al., 1998), but 

purchased feed comprised 98% of total N input on large western USA dairy farms with no 

cropland (Spears et al., 2003).  

 

Atmospheric deposition 

 

It is often assumed than annual N input from atmospheric sources is small. 

However, dry deposition in the EU can be substantial (50 to 100 kg N ha
-1

) downwind of 



  

livestock and poultry facilities (Ferm, 1998). Complete accounting for significant N 

sources requires that both wet and dry deposition be assessed if the land of interest is near 

significant NH3 sources. 

 

 

NITROGEN EXPORTS IN PRODUCTS 

 

Milk and meat are the primary animal products from livestock farms, although 

excess crops and manure can be important exports. Because NUE decreases as trophic 

level rises, production of milk and meat protein has lower NUE than production of plant 

protein (Bleken et al., 2005). However, dairy cow herds exhibit a wide range of NUE for 

milk production (15 to 35%), whereas efficiency of feed N conversion to meat averages 

only 5 to 10% (Haynes and Williams, 1993; Whitehead, 1995).  

Substantially more nutrients are removed by mechanical harvest than by grazing. 

Therefore, cutting-only management systems respond to higher N rates than grazing on 

sandy soils in Northern Germany (Rotz et al., 2005). Achieving optimum NUE in grazed 

forage requires less external N than in harvested forage because much of the forage N is 

returned by the livestock (Whitehead, 1995). This recycling improves N supply to the 

subsequent crop when perennial forages are rotated (Assmann et al., 2003). 

 

 

NITROGEN LOSSES 

 

Although exported products represent an economic pathway of N removal from the 

farm, other pathways can have negative outcomes. When N imports exceed N exports in 

marketable products, the risk of environmentally harmful N losses increases (Rotz et al., 

2005). In a survey of 125 German farms, over one-half had annual N balances exceeding 

30 to 50 kg N ha
-1

, the established limits for soils with high or low estimated rainwater 

percolation, respectively (Eckert et al., 2000). Crop productivity was unrelated to the N 

balance, demonstrating the all-important role of management by the farmer. Similarly, no 

differences in herd size, cropland area, livestock density, or efficiency of manure 

collection were found between Wisconsin dairy farmers who applied N at recommended 

rates and those who applied excessive N (Powell et al., 2007a). Applications of available N 

ranged from 106 to 222 kg N ha
-1

 (Powell et al., 2007a) and was comprised of legume N 

credits (22 to 42%), manure N (20 to 40%), and fertilizer (32 to 48%). Excess N escapes 

the farm via several pathways. 

 

Ammonia volatilization 

 

Ammonia volatilization losses may be inevitable in animal agriculture because 

NH3 is formed rapidly in manure. German legislation reportedly assumed default values of 

28% loss of total N excretion for animal slurry and 40% for farmyard manure (Eckert et 

al., 2000). Ammonia losses can be reduced by separating urine and feces with special 

slatted barn floors (Rotz et al., 2006), covering manure storage basins, acidifying the 

manure, or trapping it in the bedding (Misselbrook and Powell, 2005; Janni et al., 2007; 

Russelle et al., 2007a). Misselbrook and Powell (2005) found that the physical 

characteristics of bedding material were more important than chemical characteristics. 

Least NH3 was released from sand bedding, which had little absorbance but small and 

tortuous diffusion paths. Few measurements of NH3 losses from dairy barns are available 

(e.g., Zhang et al., 2005), but estimates suggest these can represent nearly 40% of the total 



  

N loss (Misselbrook et al., 2000). In Wisconsin, USA, apparent NH3 loss from the barn 

floor was only 18% of total N excretion by dairy cows during winter, but 50% during 

summer (Moriera and Satter, 2006). Frequency of floor scraping did not affect NH3 loss.  

As the amount of urine in manure increases, so does the probability of NH3 

volatilization. Manure pH modification is too expensive and urease inhibitors are not yet 

reliable under field conditions, so diet modification appears to be the only effective 

abatement strategy in outside beef feedlots and dairy cow facilities (Parker et al., 2005). 

Creative, economically viable solutions for reducing NH3 loss are needed, especially given 

the regulatory attention NH3 has received in the EU and USA. 

 

Runoff 

 

Runoff of manure N from pastures or manured cropland can occur as dissolved 

ions or organic forms and as N attached to sediment or organic matter. Such runoff has 

contaminated surface waters (Carpenter et al., 1998), but runoff risk can be significantly 

reduced by full or partial incorporation of manure (Ross et al., 1979; Jokela and Côte, 

1994; Bittman, et al., 2005). Use of a mechanical aerator before manure slurry application 

reduced N losses in natural runoff events by 40 to 80%, although concentrations in the first 

event after slurry application were high (van Vliet et al., 2006). A large percentage of dairy 

farmers in the north central and northeastern USA apply manure daily or weekly year-

round because they lack storage facilities (Russelle, 1997; Dou et al., 2001; Turnquist et 

al., 2006). Incorporation is not possible on frozen soil, increasing the risk of manure runoff 

after rainfall or during snowmelt.  Environmental risk is lessened by leaving nonmanured 

buffer areas near water, reducing or eliminating applications on steeper slopes, and 

enhancing soil surface roughness by tillage before manure application. 

 

Leaching 

 

Both NO3 and dissolved organic N (DON) can be lost by leaching, and DON can 

comprise a substantial proportion of that loss (Siemens and Kaupenjohann, 2002). There 

have been few reports of DON loss, but concern over the human health impacts of NO3 in 

drinking water has lead to considerable research and regulation of NO3 leaching. Nitrate 

leaching was larger with manure than fertilizer N at low N rates (Thomsen et al., 1997), 

but losses can be similar when optimal practices are followed (Stopes et al., 2002). As 

demonstrated on sandy soils, leaching losses are generally directly related to the whole-

farm N surplus (Wachendorf et al., 2004). Nitrate leaching was low in pastures at less than 

550 grazing d ha
-1

 yr
-1

, but increased quickly at higher stocking rates (Simon et al., 1997).  

Subsurface tile drains cause large N losses in humid climates (van Es et al., 2006) 

and subhumid climates (Randall et al., 2000), and this drainage water can degrade fresh 

waters and continental shelf areas (Goolsby et al., 1999). Although losses can be decreased 

with lower rates of fertilizer N or manure, losses may continue to be unacceptably high 

under annual cropping (Jaynes et al., 2001; Tan et al., 2002). Deeply rooted perennial 

crops, like alfalfa (Medicago sativa L.) and C3 grasses, minimize N leaching losses during 

growth (Randall et al., 1997; Russelle et al., 2001; Crush et al., 2005). Leaching losses 

often rise dramatically after the perennial hay or pasture crop is terminated, but proper 

fertilizer, crop, and soil management can reduce the risk of NO3 leaching (Mohr et al., 

1999; Eriksen, 2001; Huggins et al., 2001; Sawchik, 2001; Angus et al., 2006).  

 

 

 



  

Denitrification 

 

Conversion of inorganic N to N2 and N2O occurs primarily through reduction of 

NO3, but N2O also can be produced during nitrification of NH4 (Wrage et al., 2001). 

Emission of N2 from agriculture is rarely measured and usually is considered only as an 

economic loss. Nitrous oxide, on the other hand, is a potent greenhouse gas and contributes 

to ozone depletion.  

Solid manure and grazing release about 20 times more N2O than from liquid and 

slurry manures (Mosier et al., 1998), although increasing hippuric acid concentration in 

urine can halve N2O production (Kool et al., 2006). Lowering dietary N content will 

reduce both NH3 and N2O production, whereas manure injection greatly increases N2O 

emission (Brink et al., 2001). Covering slurry with straw during storage caused a large 

increase in N2O production, anaerobic digestion did not change NH3 loss but decreased 

N2O loss by 60%, and slurry aeration increased N2O emission by about 125% and NH3 

volatilization by about 85% (Amon et al., 2006). Large-scale measurements in Ireland 

indicated that about 3% of the N from both fertilizer and manure slurry was lost as N2O in 

intensively grazed grassland (Scanlon and Kiely, 2003). As governments agree to reduce 

greenhouse gas emissions, farmers need better methods of manipulating manure 

composition and application to minimize both NH3 and N2O losses. 

 

 

HIGH EFFICIENCY N RECYCLING 

 

Are we stuck with the incompatibility between good economic returns in 

livestock and crop farming and improved environmental outcomes? In the absence of 

significant modification of mainstream agricultural practices including manure 

redistribution, the answer appears to be “Yes” (Granstedt, 1995; Oomen et al., 1998; 

Bleken et al., 2005; Boody et al., 2005; Sims et al., 2005; Wolf et al., 2005).  

Several advantages may accrue if a mixed crop-livestock farming mentality is 

adopted either within or among farms (Oomen et al., 1998): i) external inputs will be 

reduced (with the exception of higher transport costs for manure) and utilized more 

efficiently; ii) manipulation of animal manure composition will improve crop NUE; iii) 

short-term grasslands added to the crop rotation will reduce inorganic N accumulation and 

improve fodder yields; and iv) incorporation of legumes will help balance N inputs. 

According to GIS-based simulation model results, applying alternative farming practices 

(increased use of perennial forages, integration of livestock with arable cropping, and 

reduced fertilizer use) could reduce NO3 leaching by two-thirds in Iowa, USA (Burkart et 

al., 2005), compared to the current maize-soybean [Glycine max (L.) Merr.] rotation. 

Improved N balance in integrated crop-livestock systems will require reduced 

import of feed and fertilizer, better storage, distribution, and use of manure, and perhaps 

reduced local concentrations of livestock. The active use of a reliable comprehensive 

nutrient management plan is fundamental to success. Simulation modeling can help 

elucidate pathways that are difficult to measure (Hutson et al., 1998; Rotz et al., 2005).  

 

Herd NUE 

 

On most farms, improved herd NUE is required to improve overall NUE (Kohn et 

al., 1997; Spears et al., 2003). For example, Kohn et al. (1997) estimated that a 50% 

improvement of herd NUE would yield a similar improvement in whole-farm NUE and 

reduce losses per unit product by 36 to 40%, whereas doubling manure N availability to 



  

crops would improve whole-farm NUE by only 13% and reduce N losses by an equal 

amount. Spears et al. (2003) suggested that whole-dairy farm herd NUE would be 

improved by removing heifers, but heifers would need to be raised elsewhere, so the NUE 

of the entire dairy system would not necessarily change. 

Herd NUE can be enhanced by a number of tactics, including improved ration 

formulation for different parts of the lactation cycle, milking three times daily, or simply 

feeding less crude protein (Dou et al., 1998; Jonker et al., 2002; Powell et al., 2006a). In a 

survey of 372 commercial dairy herds in the eastern USA, Jonker et al. (2002) found that 

feed NUE increased by 0.05 percentage units for each gram of N removed from the daily 

diet, reaching the extraordinary NUE of about 35% when herds were fed 100 g less crude 

protein per day than the recommended 499 g d
-1

 for these herds. Improved NUE by the 

herd has the crucial effect of enhancing N retention in manure and recycling in soil 

(Powell et al., 2006b). Reducing manure urinary N content also reduces manure pH, which 

helps reduce NH3 volatilization (Paul et al., 1998).  

High dietary protein also results in greater risk of both NH3 and N2O emission 

during manure storage (Külling et al., 2001) and after application to soil (Velthof et al., 

2005). Other feed characteristics affect herd NUE. Misselbrook et al. (2005) found that 

condensed tannin shifted N excretion from urine to feces, because of reduced ruminal 

degradation. This, in turn, reduced NH3 losses from the barn and from manured soil. 

 

Manure transport 

 

Manure redistribution is the most direct, but also the most problematic, way to 

achieve improved N cycling. The relationship between concentration of manure production 

and availability of cropland affects the distance over which manure must be hauled. For 

example, in the Chesapeake Bay watershed (on the eastern seaboard of the USA), average 

manure hauling distance from livestock farms was estimated to be 37 km if all crop 

farmers were willing to accept manure, but 120 km if only 20% were willing (Ribaudo et 

al., 2003). The economic distance for manure hauling depends on its form and the means 

of transport, but usually is considered to be 25 km or less in the USA. A majority of 

Wisconsin, USA, dairy farmers spread all manure on fields within a 5-minute driving 

distance from the manure storage, resulting in manure application to only 23 to 44% of the 

available cropland (Saam et al., 2005).  

Transport distance is more important for manure application than for other 

operations, because each field requires multiple trips. On integrated crop-dairy farms in 

Wisconsin, farmers made 15 to 32 trips per field, even though average field sizes were 

only 2.0 to 4.8 ha (Powell et al., 2007a). Rented land now comprises over one-half of all 

farmed land in the USA, and these authors found that less manure was applied to nearby 

rented land than to nearby owned land, presumably because farmers did not want to invest 

the manure resource on land they might be unable to use in the future. 

 

Crop NUE 

 

Achieving proper manure distribution will not necessarily improve N cycling, 

however, because the synchrony between mineralization of organic N in manure (or 

accumulated soil organic matter) and crop N uptake can be nearly as large a problem as 

manure transport (McNeill et al., 2005). Nitrogen mineralization is affected by soil 

characteristics (e.g., texture and buffering capacity), manure placement and mixing in soil, 

weather, and prior organic additions. 

Lack of synchrony between plant demand and N mineralization can exacerbate 



  

losses as N supply becomes more dominated by organic sources. Soil organic matter 

concentration increases with repeated manure additions, which brings an increased risk of 

NO3 accumulation in soil during periods when annual crops are not present or are not 

actively absorbing N (Myers et al., 1997). Schröder et al. (2005) estimated that the 

fertilizer N value of dairy slurry would rise from 55-60% in the first year to 80% after 6 to 

8 yr of application, due to residual organic N mineralization. This estimated N fertilizer 

value ranged from 40 to 70% in another study with a variety of manures (Gutser et al., 

2005). Manure rate recommendations need to take this residual effect into account.  

As SOM accumulates in integrated crop-livestock farming, so will the need to 

increase cropping intensity to absorb inorganic N not taken up by the principal crops, 

through multiple cropping, adding catch or cover crops, substituting more deeply-rooted 

crops, or growing perennials in the rotation (Wivstad et al., 2005). Cover crops are not 

reliable in areas with adverse growing conditions (Strock et al., 2004), but can be effective 

in capturing N and are more economically justifiable in mixed farming systems because 

they provide a source of feed (Franzluebbers, 2007). 

 

Within-farm integration – a Dutch example   
 

By the early 1990s, it was recognized that the largest imbalance of N in the EU 

occurred in the Netherlands. Livestock feed imports into the country exceeded fertilizer N 

applications in 1995 (Olsthoorn and Fong, 1998), resulting in an average national surplus 

of 295 kg N ha
-1

 on dairy farms (Wolf et al., 2005). In 1995, an N and P accounting system 

called MINAS was introduced, which included: i) gradual lowering of allowed N 

application rates (on dry sandy soil to 60 kg N ha
-1

 for arable crops and 140 kg N ha
-1

 for 

grassland; on other soils to 100 and 180 kg N ha
-1

, respectively), ii) manure rates limited to 

170 kg N ha
-1

 for arable crops and 250 kg N ha
-1

 for grassland, and iii) levies applied per 

kg of excess surplus N (Wolf et al., 2005).  

The De Marke experimental farm has shown that N losses can be reduced while 

maintaining milk production (Hilhorst et al., 2001; Rotz et al., 2005). Whole-farm 

surpluses of only 10 kg N 1000 kg
-1

 milk were achieved primarily by improving herd and 

crop NUE (Rotz et al., 2005), leading to a decline in ground water NO3 concentrations 

from 50 to 10 mg NO3 L
-1

 within only 3 yr (Kuipers et al., 1999). Analysis of other farms 

made clear that significant overall N losses could be curtailed only by adoption of several 

of the De Marke technologies (Bleken et al., 2005; Rotz et al., 2005). Enclosing the 

manure storage and injecting manure reduced NH3 volatilization, which allowed lower 

fertilizer N purchases, but did not reduce NO3 leaching or denitrification.  

Verhoeven et al. (2003) described an approach by farmer cooperatives in the 

Netherlands to voluntarily reduce environmental problems in a region-specific way. The 

93 farms used the MINAS nutrient bookkeeping system to monitor import, export, and 

surplus N, and included assessment of on-farm feed. As expected, farms varied widely in 

these characteristics, resulting in surpluses of 162 - 560 kg N ha
-1

, herd NUE of 8 - 24% 

(product N/dietary N), crop NUE of 33 - 78% (crop N/fertilizer + manure N), and farm-

level NUE of 10 - 28% (exported N/imported N).  

After only three years on 37 farms with reliable data, N surplus was reduced from 

an average of 345 to 247 kg N ha
-1

, with no change in milk production (Verhoeven et al., 

2003). There was no change in average milk NUE (18%), but crop NUE rose from 46 to 

53%. These results were achieved by altering the fertilization and management of grass 

silage (to reduce N concentration and increase fiber by delaying harvest), managing feed 

concentrates to reduce dietary N, which reduced manure N and increased C:N ratio, and 

reducing application rates of purchased fertilizer N. These authors emphasized the 



  

importance of iterative fine-tuning and “re-balancing” of the dairy farm N cycle. 

In a nationwide analysis on predicted long-term N losses, Wolf et al. (2005) 

evaluated two approaches, MINAS and a more restrictive low-emission approach. They 

concluded that the only significant effects were due to decreasing N applications to maize, 

that there was no practical difference in outcomes of N loss to surface and ground water 

between the two approaches, and that on dry sandy soils, ground water quality would be 

improved, but would not meet current drinking water guidelines under any cropping 

pattern. This latter finding highlights the risk in utilizing sandy soils for agriculture, 

whether or not manure is involved. 

 

Among-farm integration 

 

More common than within-farm integration is among-farm integration in Maine, 

because the enterprises of potato (Solanum tuberosum L.) production and dairy farming 

differ dramatically. Coupling these two farm types resulted in higher profits for both 

within only two years, because of increased herd sizes and higher yields of marketable 

potatoes (Hoshide et al., 2006). These collaborations typically began slowly, relied on 

basic trust between the farmers, and have required that the farms were separated by no 

more than about 25 km (Files and Smith, 2001). There are no reports of the NUE achieved 

in these integrated systems. 

The effect of manure storage and treatment on N losses and subsequent N supply to 

crops and soil varies with manure composition and type (Kirchmann and Lundvall, 1998). 

For example, only 2% of the total N in swine dung was lost by volatilization when stored 

anaerobically and rapidly incorporated in the soil, but nearly 24% was lost during 

composting. A key to establishing trust between manure supplier and recipient is the 

provision of reliable manure analyses for N and other nutrients.   

Other hurdles to establishing contracts with manure recipients include odors, 

concerns about weed seed and pathogen transmission, and logistical problems in moving 

and applying manure in a timely manner when roads are trafficable with heavy equipment 

and when soil structure in the field will not be compromised by wheel traffic. Unlike some 

EU countries, there are no mechanisms in the USA for guaranteed analysis and no 

government or market incentives to localize nutrient exchange. A recent article in a 

farming magazine covered some of the considerations that both suppliers and recipients 

should consider (Johnson, 2007).  

 

Closing comments 

 

The vast majority of literature reports on agricultural N cycling are based on 

relatively short-term experiments. Nitrogen cycling experiments may produce misleading 

results with regard to N losses when conducted on soils that are not near SOM equilibrium 

levels (Ledgard, 2001). Based on simulation modeling, Piñeiro et al. (2006) estimated that 

880 kg N ha
-1

 had been lost from the Río de la Plata grasslands by livestock grazing 

beginning with European settlement. This unsettling scenario is supported by Hoglund 

(1985), who measured declining soil C and N under pasture after stocking density 

increased. However, losses due to arable cropping usually are larger, and can be replaced 

by integrating perennial pastures with annual cropping, as demonstrated by the 4-decade-

long rotation trial at La Estanzuela, Uruguay (Sawchik, 2001). Sustainable solutions will 

depend on local climate, soils, and cropping alternatives. 

Some means of achieving lower N losses (i.e., reduced fertilizer and feed 

purchases, improved herd NUE, use of free stall barns, bottom loading manure storage, 



  

and direct injection of manure into soil) can improve farm profitability (Rotz et al., 2005; 

Rotz and Oenema, 2006), but many (cover cropping, low emission barns, covered manure 

storage, better manure distribution and incorporation) increase net costs (Rotz et al., 2005; 

Rotz et al., 2006). Furthermore, farm profitability declines rapidly if N availability to the 

herd or crops is too restricted. Government incentives may be required to counterbalance 

these economic hurdles. 

Ultimately, integrated crop-livestock farming should strive to achieve the 

characteristics of “globally-oriented agriculture,” which include high productivity and 

efficiency through the biological mechanisms that regulate how these systems function 

(Oomen et al., 1998). Sustainable solutions to specialization of agriculture could be 

achieved by rearranging crop and livestock enterprises to reduce transport distances and 

take advantage of synergies, such as improved crop rotations for disease control, improved 

soil tilth with manure application, direct nutrient exchange among crop and livestock 

farms, etc. (Oomen et al., 1998). Beyond our lack of an adequate knowledge base, it also is 

unlikely such a rearrangement of farming will occur in the absence of manure marketing 

systems (Ribaudo et al., 2003) and significant government regulations or incentives 

(Oomen et al., 1998; Nord and Lanyon, 2003; Sims et al., 2005; Boody et al., 2005). 
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