Related, Current and Previous Work:

Crop Growth and Conservation

During the 1999-2004 NE-132 Project, Demaine and Fick (2003) and Unruh and Fick (2002) refined procedures and developed calibration equations for a commercial rising plate meter that measures pasture yield (or feed on offer) before the start of grazing. This information is both useful in calibrating pasture growth models and for training farm advisors and farmers as they refine their skills in managing pastures.  Reis and Combs (2000, 2000, and 2001) demonstrated that the primary constraint to milk production with management intensive grazing systems is pasture intake, and the strategic use of supplements can improve milk yield, reduce rumen ammonia and milk urea nitrogen, and improve the efficiency of nitrogen utilization.

Successful integration of forage crops into the livestock system can provide a solution for many of the real and perceived environmental problems associated with livestock farming (Cherney and Allen, 1994). Forages with high intake potential can reduce the amount of grain needed on dairy farms, thus minimizing feed imports. Grasses have advantages over legumes in nutrient management. Grasses require N application for optimum growth, while legumes fix N but are not adversely affected by N application. However, production of grass with high nutritive value requires a higher level of management compared to legumes (Cherney et al., 1993).

Natural grasslands are mixtures of many herbaceous species including grass, legumes, and forbs. Managed pasturelands are often a binary mixture of a grass and a legume species. Interspecies competition among coexisting species holds the key to maintaining the productivity and sustainability of both managed pasture (Holt and Jefferson, 1999) and native grassland (Garden and Bolger, 2001). The perceived superior productivity and low input (hence less pollution) of the grass-legume association can only be realized with the understanding of the integrated ecological and environmental principles in such a diverse production system. The species balance and growth patterns of these mixtures are determined by the interactions and competition among the coexisting species, as well as their response and interactions with the environment. Computer models are ideal to study such complex systems. Most intercrop modeling efforts have focused on binary combinations of an agronomic crop and a major weed species in agricultural systems. 

During 2000 to 2003 NE132 project, the GRAzing SImulation Model (GRASIM) was extended to account for growth and interspecies competition among a mixture of plant species, including grasses, legumes, and weeds (Zhai et al., 2004a). In the multispecies GRASIM, a user specified number of species grow separately on a daily time step, competing for light, soil water and nitrogen. Forage experiments were conducted on a naturalized pasture at The Pennsylvania State University Beef Research Farm, State College, PA. The pasture was divided and rotationally stocked at two intensities (high and low). Forage biomass data from 1998 and 1999 were used to develop and evaluate the multispecies GRASIM model. The multispecies GRASIM reasonably simulated the growth dynamics of multiple species on two grazing treatments across two seasons, despite the high variability of the pasture. The multispecies GRASIM can be used to help evaluate coexisting species interaction and their response to the environment. The model is currently been used by farm level models to improve their forage growth modules for more realistic forage growth simulation. 

One of the difficulties in applying multispecies growth models is the lack of model parameters for forage species with limited growth data (Clark, et al., 2000). To alleviate this problem, a numerical procedure was designed to estimate the necessary growth parameters for the GRASIM model using limited growth data (Zhai et al., 2004b, accepted by the Transactions of the ASAE with minor revisions). The procedure uses sound physiological ranges of the growth parameters derived from literature as upper- and lower-bound in the optimization process to guarantee the feasibility of the parameter set. The procedure is implemented and tested with two-year field data. The procedure can be readily applied to other large-scale models, to improve their applicability.

Losses during grass conservation are widely documented (Robertson, 1983; Wilkinson, 1981; Rees, 1982). An extensive review was completed by McGechan (1989; 1990a) and Gupta et al. (1990) to obtain loss relationships. This and other previous work provided the basis for models of conserved grass harvest incorporated into DAFOSYM (Rotz, 1995). Changes in both crop varieties and harvesting technologies may also affect ensiling and subsequent animal utilization. Muck and Hintz (1996) found that newer high-quality alfalfa cultivars had significantly different fermentation characteristics than standard varieties; however, substantial negative effects were not observed. A much broader diversity was found in available corn varieties (Allen et al., 1997), and this diversity may alter the optimum times and conditions for harvest from current recommendations (e.g., Bal et al., 1997). New harvesting technologies are either being developed (e.g., maceration of forages) or in the process of being adopted by farmers (e.g., kernel processing for corn silage). These new technologies may alter currently known interactions of chop length with ensiling and animal performance (Deswysen et al., 1978; Marsh and Hamilton, 1978) and may affect the efficacy of silage additives. Forage maceration is known to speed silage fermentation (Muck et al., 1989), may reduce the efficacy of silage inoculants (Muck et al., 1989), increase silo capacity (Shinners et al., 1988) and improve animal performance (Koegel et al., 1992). However, the interaction of chop length with maceration is unknown at this time. Kernel processing in corn silage is relatively new in the US. Processing and its accompanying particle size reduction affects silage density, nutrient availability and farm economics (Harrison and Johnson, 1997; Harrison et al., 1998; Rotz et al., 1998), but more data relative to processing interactions with silage additive efficacy and chop length effects are needed.

The effect of forage management on changes in protein availability in the rumen and digestibility have been reviewed (Kohn, 1998). Ensiling reduces the amount of true protein in forages (Muck et al., 1996) and that loss of true protein affects the efficiency of nitrogen utilization by dairy cattle (Nagel and Broderick, 1992). Importantly, losses of true protein during ensiling are reduced in some forages such as red clover (Muck et al., 1996), suggesting that there may be the potential for reducing losses in more susceptible crops. The effects of corn silage processing and particle size reduction also affects nutrient availability and farm economics (Harrison and Johnson, 1997; Rotz et al., 1998).

Animal Components

Dry matter intake is often predicted by empirical models from animal factors such as milk production, days in milk and body weight (NRC, 1987; NRC, 1989). Several mechanistic models have been developed to predict maximum dry matter intake (Mertens and Ely, 1979; Pienaar et al., 1980; Illius and Gordon, 1991; Hyer et al., 1991) or maximum fiber intake (Mertens, 1987; Fisher et al., 1987). However, dietary factors such as fiber digestibility, particle size, and environmental factors also affect intake, but these factors are not considered in quantitative models at this time (Illius and Allen, 1994). A series of experiments has shown that high fiber digestibility reduces the filling effect and enables greater intake (Allen, 1996a, Allen, 1996b, Dado and Allen, 1995; Dado and Allen, 1996; Mooney and Allen, 1997). Furthermore, physical fill does not always limit intake. Work by Johnson and Combs (1992) and Dado and Allen (1993) shows that intake by dairy cattle in early lactation fed high energy diets is not always limited by physical fill.  

Grain fermentability and forage particle size can also impact rumen environment and animal health.  Krause et. al (2002a, 2002 b) demonstrated that in high producing dairy cattle fed high energy diets, the effects of grain fermentability and forage particle size were additive on rumen pH.  Low rumen pH reduced microbial efficiency and the efficiency of N utilization (Illius and Allen, 1994).  These results indicate that nutrient utilization can be improved by monitoring grain fermentability and forage particle size. 

Dietary management can play an important role in helping producers balance nutrient supply against animal requirements and in alleviating potential environmental problems. Recent studies have demonstrated that P concentrations in lactating cow diets may be substantially reduced from levels commonly fed on farms without impairing animal performance (Valk et al., 2001; Wu et al., 2001; Knowlton and Herbein, 2002). Reduction of P concentration in diets not only decreases fecal total phosphorus (TP) excretion and therefore reduces P buildup on farms but also has added environmental benefits. As shown by Ebeling et al. (2002), when dairy manures from a low-P diet (3.1 g/kg feed DM) and a high-P diet (4.9 g/kg) were applied at equivalent P rates to field plots, P concentrations in runoff samples were four times lower in the low-P diet treatment. This can be explained by differences in the amounts and proportions of water soluble P in feces derived from the different diets. Dou et al. (2002) analyzed samples from three P-feeding trials and found that decreases in fecal TP associated with the low-P diets were primarily in the water soluble P fraction. As demonstrated by Kleinman et al. (2002a), water soluble P is the most vulnerable P fraction associated with potential runoff loss. The fact that water soluble P is relatively easy to measure, together with the finding that water soluble P in feces is also highly correlated with dietary P (Dou et al., 2002, 2003), leads to an interesting notion that measurement of water soluble P may serve as an evaluation tool for assessing if excessive P feeding is occurring on farms.
Manure and Soil Components

In the nutrient cycle, livestock manure returned to the soil can contribute to soil fertility reserves, plant production, or be lost to surface and ground water (Russelle, 1992). An experiment was conducted to measure nitrogen leaching beneath fecal and urine patches on nitrogen fertilized pasture (Stout et al., 1997). Nitrogen recovered in leachate under feces deposited in the summer represented 2% of the total nitrogen in feces. Recovery of nitrogen in leachate under urine patches varied from 18 to 31%. In general, nitrate leaching to groundwater is understood well enough to be modeled (Bergstrom and Jarvis, 1991; Hutson and Wagenet, 1991), but data are needed for simultaneous determination of both N and P losses through leaching and runoff under varying crop, soil, tillage, and manuring conditions. The recently established field project at U Penn will provide such needed information. This project includes three crops (corn for silage, and alfalfa and orchardgrass for hay or haylage) each receiving treatments of control, fertilizer, manure N-based, and manure P-based. Both leaching and runoff samples are collected and analyzed.

A critical issue of nutrient management is to balance the amount of manure to be applied with adequate cropland so that excessive nutrient application can be minimized. A study of 54 representative Wisconsin dairy farms showed regional differences in soil texture, land tenure, and development pressures limit the proportion of cropland receiving manure. Of all farms in a hilly region of sandy and silt loam soils, 11% collect all manure; of farms in an undulating region of silt loam soils, 56% collect all manure; and where the topography is relatively flat and most soils are clay loams, 42% collect all manure. Apparent manure collection for farms that partially collect manure were similar across regions with a range of 40 to 88, and a mean of 61% for R1; 44 to 84, and 59% for R2; and 45 to 88, and 63% for R3. Many small dairy farms accumulate manure nutrients in small outside areas. A study of stocking densities and manure management practices of 800 Wisconsin dairy farms showed that based on total cropland 95% of farms have sufficient cropland for recycling the nitrogen (N) contained in manure. Animal densities based solely on tilled cropland decreased this value to 79%. Implementation of a phosphorus (P)-based standard reduced the overall amount of cropland available for manure application, so a smaller proportion of Wisconsin dairy farms (63% based on total cropland and 25% based on tilled cropland) have sufficient land for recycling manure P. When the area of cropland on which manure is actually spread is used to calculate animal density, it is clear that the majority of dairy farms apparently cannot meet either manure N- or P-based manure application standards. 

Pasture and Grazing

A growing number of dairy farmers have adopted management-intensive rotational grazing (MIRG) as a means to increase profitability. In 1999, about 4,700 or 22% of Wisconsin dairy farmers practiced MIRG as compared to 7% in 1993 (Ostrom and Jackson-Smith, 2000). Approximately 30% of beginning dairy farmers surveyed in 1996 practiced MIRG (Buttel et al., 1999). MIRG is a management strategy especially attractive to producers who wish to remain as a small- to medium- sized enterprise because it allows them to reduce the cost of milk production by decreasing labor and capital use.

It is generally accepted that energy is the first limiting nutrient to milk production on grazing systems. Energy intake is affected by several factors including forage digestibility, rumen capacity and metabolic requirements for milk production or growth. Most grazing research has focused on these issues. Recent research with high producing grazing cattle suggests that energy intake is not limited by rumen fill or fiber digestibility (Reis and Combs, 2000). Sward density also is an important factor that can have a major impact on energy intake. Sward density impacts feed intake because it affects the amount of forage consumed per bite. Bite size appears to have a much greater impact on intake than bite rate or grazing time.

In addition to the environmental impact, economical pasture utilization by modern, high producing dairy cows requires integrated knowledge of pasture production in terms of yield, intake potential and forage quality. We must also know how these factors affect growth rate (of replacement animals), milk production and animal health, and how all these factors taken together influence composition of animal excreta and the cycling of nutrients. Because pastures exist on such a wide range of land types, there is also a need to identify grazing management plans that are environmentally and economically appropriate on a variety of resource bases. A mathematical model of the pasture system, i.e. GRASIM, was developed by Mohtar et al. (1997a). Model predictions were well related to observed data for accumulated biomass, nitrate leaching, and amount of water drained (Mohtar, 1997b). Later development of the GRASIM model enabled it to simulate various rotational grazing strategies (Zhai et al., 1999) over multiple paddocks with mixed forage species (Zhai, et al., 2004a).

Integration and Modeling
One of the first attempts to integrate the dairy forage system in a model was made by Armstrong et al. (1962). The power of modeling grew when models were linked to simulate forage production systems (Miller and Rehkugler, 1972; Parke et al., 1978; McGuckin et al., 1982). In the next step, storage and animal utilization models were integrated with crop growth and harvest to form models of the whole dairy forage system (Lovering and McIsaac, 1981; Savoie et al., 1985; McGechan, 1990b). These comprehensive models were used to evaluate and compare various forage management options available to the dairy farmer.

The Dairy Forage System Model (DAFOSYM), first developed by Savoie et al. (1985) and Parsch (1982), has evolved into a comprehensive whole farm model over the past 20 years. Detailed submodels were added to describe field drying (Rotz and Chen, 1985), field losses (Rotz, 1995), hay storage (Buckmaster et al., 1989a), silo storage (Buckmaster, 1989b) and animal utilization (Rotz et al., 1999b). The emphasis of the model refinement was to improve prediction of forage losses and quality changes throughout the system and their effect on animal performance.

After 20 years of development and application by researchers of the U.S. Dairy Forage Research Center and other members of the NE-132 Regional Research Project, DAFOSYM has evolved into a powerful whole-farm model. It provides a good basis for the type of analysis necessary to quantify nutrient and financial flows on farms. The model has been a useful research tool for improving the efficiency and profitability of forage conservation on dairy farms. During the past several years, the model has been widely distributed as a teaching aid.

A new generation model has been developed called the Integrated Farm System Model (IFSM, Rotz et al., 2004). This model is based on DAFOSYM but includes options for simulating beef and crop farms. The IFSM model will be the basis for further research on identifying cost effective strategies for reducing nutrient losses from dairy and beef farms.

Efforts by NE-132 members in integrating nutrient flows through dairy farms also include the development of the Dairy Nutrient Planner (DNP; Dou et al., 1996), its evaluation using real farms (Dou et al., 1998), and a similar compartmental analysis approach evaluating the critical control points on a typical dairy farm with respect to reducing nutrient losses (Kohn et al., 1997). Individual modeling components are constantly being improved such as the forage growth module of GRASIM (Mohtar et al., 1997a; Zhai et al., 2004a). Currently, the GRASIM model includes an easy-to-use, WWW-based interface that allows users to input crop, soil, nutrient, initial condition, site location, weather, and pasture management parameters (Mohtar et al., 2000).

Massachusetts has developed an extension-oriented farm nutrient management planning tool (FarmSoft; Herbert et al., 2001). FarmSoft has incorporated all aspects of the comprehensive nutrient management planning process providing the planner with an easy to use program for data entry and nutrient balance calculations. The tool calculates  a site vulnerability index for fields highlighting major environmental concerns and the planner may choose recommendations for the farmer from a list of conservation practices designed to reduce the risk of nonpoint source pollution. The management tool has been evaluated for dairy and livestock groups.

Agricultural Nutrients and Water Quality

The major environmental concerns of nutrients in dairy and beef farming are groundwater contamination with nitrate and accelerated eutrophication of surface waters caused by excess nitrogen and phosphorus. 

Nitrogen - The majority of the N excreted by ruminant animals is lost by volatilization to the atmosphere and leaching to groundwater (Rotz et al., 1999b). Research has quantified N losses with traditional systems of manure handling, and models have been developed and used that adequately predict these losses and their interaction with other parts of the farm (Borton et al., 1995; Rotz et al., 1989b). There is a need though for quantitative models of less conventional manure systems and grazing animals. Unconventional manure systems include fecal and urine separation, covered manure storages, and novel application methods that reduce N volatilization. These approaches have been implemented and demonstrated at the De Marke Experimental Farm in the Netherlands and other sites in northern Europe (Aarts et al., 2000; Rom and Sorensen, 2001).

In nutrient management planning manure and fertilizer are recommended to meet crop needs. Continued mineralization of N from manure applied in spring occurs after the harvest of the crop producing nitrate that is prone to leach. Also, fall application of manure supplies additional readily available N. In the absence of an effective cover crop, fall rainfall increases soil water, leading to increased leaching of nitrate and soluble P, especially on sandy soils (van Es et al., 2002). What constitutes an effective cover crop needs further evaluation since in many cropping systems late harvest of the crop preludes early planting of cover crops.

Nitrate leaching from pastures is another concern, particularly in the Northeast (Ball and Ryden, 1984; Cuttle and Scholfield, 1994). Most N consumed by grazing animals is excreted unevenly over the pasture in urine (Ball and Ryden, 1984; Jarvis et al, 1989). This uneven deposition has caused greater N leaching from pastures than similarly fertilized cut grasslands (Ryden et al., 1984; Stout et al., 2000a). Losses from urine spots are affected by animal size, animal type, and forage quality (Whitehead, 1995), while N loss from the pasture as a whole can be affected by soil hydrologic properties, fertilization rate, and pasture species (Cuttle and Scholfield, 1994). Relationships have been developed that relate N leaching loss at the field level to stocking rate, pasture type, and feed supplementation (Stout et al., 2001). These relationships now need to be incorporated into management and predictive models at the farm and watershed scales.

Phosphorus - Export coefficient models are widely used to predict P loading of receiving water bodies (Hanrahan et al., 2001; Johnes, 1996; Johnes et al., 1996). Export coefficients are usually derived from field-measured losses of P to define loss from a particular source or land use in a watershed (Johnes and Heathwaite, 1997). These models calculate watershed export of P as the sum of individual loads from each source in the watershed. This approach accounts for the complexity of land-use systems, summarizes the spatial distribution of data from various sources (point and non point), and permits scaling from plot to watershed levels. Export coefficients are empirical; thus they are only as accurate as the input data used to derive them (as is also true for process-based models) (Hanrahan et al., 2001).

Leaching Assessment - Different sampling methods have been used to collect leachate, and to evaluate the fluxes of pollutants to groundwater. However, there are difficulties with many of the current methods that are widely used. Suction cup lysimeters have a small contact area with the soil and need a source of vacuum for sample collection. They often miss the critical solute pulse, cannot measure macropore flow, and sample and flux data are unknown (Lord and Shepherd, 1993). Zero-tension lysimeters generally have low collection efficiencies ranging from 10 - 58%, and only collect matrix water when soil is saturated (Jemison and Fox, 1992; Zhu et al., 2002). Wick pan samplers have proven to be useful in collecting water samples in well-structured soils with dominant preferential flow and in sandy soils; however, they have not performed well in non-structured loamy soils in which water moves mainly through the soil matrix (Steenhuis et al., 1998).

More recently Brye et al. (1999) constructed an equilibrium tension lysimeter from 0.2 µm pore diameter stainless steel porous plates and maintained suction on the lysimeter according to the matric potential of the surrounding soil. They evaluated this in three cropping systems but did not compare this to other samplers. A similar passive pan soil water sampler uses 25 cm ceramic plates for vadose zone leachate collection where soil water is collected using a vacuum maintained at, or close to, the same level as that of soil matric water potential (Barzegar et al., 2004). Results indicated that the efficacy of the passive pan sampler was superior, compared to the suction cup lysimeter, for collection of unsaturated soil water. These systems need more field testing and estimates of leaching need further evaluation.
Modeling of Nutrient Losses - Because of the time and expense involved in field assessment of management impacts on P and N loss, models often provide a more efficient evaluation of management options. Numerous process-based models have been developed to simulate the fate of P and N in soil and their transport to water. For example, AGNPS (Agricultural Nonpoint Pollution Source) was developed to estimate the quality of runoff from watersheds of up to 20,000 hectares and to assess the effects of applying best management practices to targeted areas (Young et al., 1995). More recently, a conceptual, continuous time model called SWAT (Soil and Water Assessment Tool) was developed to assess the impact of land management on water quality in watersheds and large river basins (Arnold et al., 1998). Members of the NE-132 project have developed a whole-farm model that simulates crop production, feed use, and the return of manure nutrients back to the land over many years of weather (Rotz et al., 1999b). Better interfacing of farm and water quality models is needed to translate farm operation decisions, agricultural management effects, and water quality impacts to the long-term economic and environmental sustainability of farms.
The Cornell research group (Fick et al, 2004 has developed and published improved statistical procedures for testing computer models. In this work, the most useful test (mean squared deviation) is partitioned into additive components that show model errors due to lack of fit or to bias caused by non-unity slope or non-zero intercept. The latter parameters correct for previous inconsistencies in testing procedures (Gauch et al. (2003).

The proposed work will focus on nutrient flow, pasture production, and animal feeding processes and their integration in complex beef and dairy production systems (Figure 1). An emphasis of the project will be to further develop and expand the Integrated Forage System Model (IFSM) to form a more general farm simulation model for evaluating crop, pasture, beef, and dairy production systems. Through collaborative work across the US and northern Europe, the expanded model will be evaluated and used to develop recommended production practices.
