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Abstract. 
An increasing number of breeding sows is kept outdoors in Europe. Outdoor pig production has benefits in terms of animal welfare but may have hidden costs through nutrient losses. We investigated the distribution of nutrients in sow paddocks and the consequence for losses and utilisation in the succeeding crop. Significant correlation between soil inorganic N and the distance to feeding sites was observed after the paddocks had been used by lactating sows for 6 months (P<0.01). Near to feeders inorganic N levels became extremely high whereas 30-40 m from feeders some patches had N levels in the topsoil corresponding to the levels in the reference area without sows. In the following spring only a minor part of inorganic N was still present in the top 0-40 cm. Similarly, extractable P and exchangeable K in topsoil were significantly affected by distance to feeders with the highest values close to the feeders (P<0.001). In addition there were significant effects of the distance to huts with increasing nutrient content closer to huts. Although huge variations in dry matter production and nutrient content occurred in the succeeding potato crop, these were only weakly related to the distribution of nutrients (N, P and K) in the previous year, which explained 17% of the total variation in dry matter production. To increase nutrient efficiency in outdoor pig production a uniform distribution of nutrients should be obtained by manipulating the excretory behaviour of the sows and stocking densities must be adjusted to locally acceptable nutrient surpluses. 
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INTRODUCTION
In response to consumers’ demand for ‘naturally’ raised pigs, an increasing number of breeding sows is being kept outdoors in Europe, especially in the UK, France and Denmark (Mortensen et al. 1994; Denmat et al. 1995; Watson & Edwards 1997). Outdoor pig production has benefits in terms of animal welfare and low costs of buildings and equipment (Deering & Shepherd 1985), but it may have hidden costs due to losses of nutrients to aquifers used for public water supply (Worthington & Danks 1992) or to the atmosphere (Petersen et al. 1999; Sommer et al. 1999). 

The current commercial practice in terms of diet and stocking density results in substantial nutrient depositions in the paddocks (Watson & Edwards 1997) which with limited grass cover in the paddocks and free-draining soils (Worthington & Danks 1992) may lead to major nitrate losses during autumn and winter. Even with moderate stocking densities the excretory behaviour of outdoor pigs may create nutrient ‘hot spots’ in the paddocks (Zihlmann et al. 1997). 

Manure deposited by grazing sows may be difficult to utilise efficiently and causes a considerable potential for nutrient losses. In countries or farming systems, e.g. organic farming, where the use of mineral fertilizer is restricted this is not just an environmental problem but also an economic problem since yields in the arable part of the crop rotation will probably be reduced by the lower plant-availability of nutrients in the outdoor system compared to traditional housing where manure is collected. Thus, it is important for both environmental and economic reasons to optimise the utilisation of manure deposited by outdoor sows. In paddocks with grazing cattle significant heterogeneity of excreted nutrients has been observed (West et al. 1989; Anderson et al. 1992). Homogeneous distribution is expected to be a key factor in optimising nutrient availability since variable nutrient deposition increases the potential for losses and makes accurate fertilizer recommendations impossible.  
The objective of this investigation was to determine factors affecting the distribution of nutrients within sow paddocks and the consequences of the distribution for the utilisation in the succeeding crop and for the potential for environmental impact of outdoor pig production.


MATERIALS AND METHODS
Site and animal management

The investigation was carried out on a commercial outdoor pig farm in a field with no previous history of this enterprise. In the previous two years ryegrass for seed production was grown. The soil was a loamy sand with 6% clay and 2.5% carbon, classified as a Typic Haplorthod. Sows were placed in two adjacent paddocks measuring 3350 and 3550 m2 in March 1997 about one week before farrowing and replaced by another group of sows seven weeks after farrowing. From March to October three successive groups of lactating sows passed through each paddock. The sows were first placed in individual huts during the farrowing period. Later these huts were replaced by shared huts. Each time huts were moved the exact locations were determined (Figure 1). Similarly the positions of feeders were recorded. Overall the stocking density was almost identical in the two paddocks with 5352 and 5358 animal days per hectare. The actual stocking density was on average 32 sows ha-1. In early October the last group of sows was removed and the following March the field was ploughed and potatoes established.

Soil sampling

Soil samples were taken on three occasions: 1) in early March 1997 before the introduction of the farrowing sows; 2) in early October just after removal of the sows; and 3) in early March 1998 before ploughing. Samples were taken at 292 points on a 5x5 m grid (Figure 2). At two places in each paddock five extra samples were taken to give a 2.5x2.5 m grid. Twenty-five control samples were taken outside the paddocks.

Soil samples for nutrient analysis were taken in a circle around each point on a radius of 20 cm. At the start of the experiment in March 1997 four bulked soil samples were taken at each point at 0-20 and 20-40 cm depth. Because increased variability was expected, at the following two sampling dates, eight bulked samples were taken at each point and depth. Soil samples were stored at 2°C until further processing within 48 hours.

For all three sampling dates the contents of ammonia and nitrate were determined spectrophotometrically on all the bulked samples after extraction with 1 M KCl (1:2 w/v). In the same extracts the content of soluble organic carbon was determined with a total organic carbon analyser in the 0-20 cm samples. At all three sampling dates the content of extractable phosphate and exchangeable potassium was determined in dried samples from the top 20 cm. Phosphate was extracted in 0.5 M NaHCO2 and determined spectrophotometrically. Potassium was extracted in 0.5 M NH4(CH3COO) and determined by flame photometry. 

Plant sampling

Plant samples were taken in the following potato crop when the tops were estimated to have reached a maximum dry matter content (June 30, 1998). At 285 points the three nearest potato tops were sampled. The remaining 27 points were at the end of the field in a strip of barley sown by the farmer. The plant material was oven-dried and dry matter content determined. The plant material was analysed for total N, P and K using Dumas combustion, spectrophotometry and flame photometry, respectively.

Climatic conditions

Temperatures ranged from daily means in January of –5°C to above 20°C in August. Annual mean temperature was 8.8°C. The annual rainfall from March 1997 to February 1998 was 880 mm evenly distributed over the year (monthly rainfall varied between 30 mm and 80 mm). The soil water balance was estimated using the Evacrop model (Olesen & Heidmann 1990) for which inputs were daily measurements of precipitation, temperature and evaporation, and soil physical parameters. The calculated drainage at 1 m depth in the period between soil sampling in October 1997 and March 1998 was 376 and 390 mm for soil with and without grass cover, respectively.










Statistical analysis

As the aim was to determine factors affecting the distribution and utilisation of nutrients it was necessary to find out if nutrient contents were related to the distance of the sampling points from huts and feeders. This was done by simultaneously modelling systematic effects of hut and feeder location and random effects. A brief outline of the analysis is given below.

Aggregated distance to huts: A variable was constructed to explain the effects of distance to huts. For any specific day, hut and point in the paddock, the variable was proportional to the number of sows in the hut on that day and inversely proportional to the square of the distance between the point and the hut: 
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where

Nfhij = expected number of droppings left at point i in paddock f on day j by sow from hut h
c = an unknown constant

dhi = distance between hut h and point i
ghj = number of sows in hut h on day j
For each point in the paddocks the variable was then summed over all huts and all days (March to October). The natural logarithm of that sum was used as a co-variable in the analyses. 
Systematic effects: The recorded soil parameters were assumed to depend on the locations of huts (through the above-mentioned co-variable), the location of feeding equipment, the paddock in which the point was located and the depth of the sample. This resulted in the following linear expression for the systematical part of the full model:
E(Yfdi) = ( + (d + (f + (fd + (afi + (dafi + (fafi + (fdafi 
+ (bfi + (dbfi + (fbfi + (fdbfi + (hfi + (dhfi + (fhfi +(fdhfi
where

Yfdi = the value taken at point i in paddock f at depth d
afi = distance from feeding equipment in April to July to point i in paddock f
bfi = distance from feeding equipment in August to October to point i in paddock f
hfi = overall effects of huts on point i in paddock f
All greek letters represent unknown constants, which have to be estimated:

( = parameter describing the intercept

(d = parameter describing the effect of depth d

(f = parameter describing the effect of paddock f

(, (d, (f, (fd = parameters describing the overall, depth, paddock and combined depth-paddock effect, respectively, of distance to feeding equipment in April to July 
(, (d, (f, (fd = the similar parameters for distance to feeding equipment in August to October
(, (d, (f, (fd = parameters describing overall, depth, paddock and combined depth-paddock effect, respectively, of huts.
The general level, the effects of huts and the effects of location of the feeding equipment were initially estimated for each paddock and when appropriate for each depth and interaction between paddock and depth. After choosing a random model (see below), the systematic part of the model was reduced by leaving out non-significant effects (at the 5% level) one by one until the model contained only significant effects (Table 1). 
Random effects: Plots of the residuals showed that there was a clear correlation between results from the two depths at the same point and that some variables appeared to process spatial correlation. Therefore the assumption of normal distribution and independent residuals was not fulfilled and it was necessary to examine a range of different models to explain the random effects. The following models were examined to describe the correlation between residuals: 1) those assuming results were independent of each other (for reference purpose), 2) spatial models, both exponential and spherical models with nugget effects using variograms to estimate variance and covariance between observations, 3) variance component models assuming each point to have an individual effect, and 4) variance/covariance models assuming the variance to be specific for each depth. These models were estimated both with parameters unique for each paddock and with common parameters. The random model fitting best to the data was chosen for each parameter (Table 1). For the variable DM content in plants the random effects could be assumed to be independent. For all other variables an exponential spatial model could describe the random effects.
The parameters of all models were estimated by the method of maximum likelihood and calculations were performed by using the procedure "mixed" of SAS (SAS 1996). The contour diagrams in Figures 3 to 6 were created by linear interpolation between the grid-based empirical measurements.











RESULTS
Regular moving of huts meant their positions were spread out in the paddocks (Figure 1) except for the outer 5-15 m against fences which was kept free. Feeding sites were only moved once in the middle of the period (Figure 1). Feeding units were accessible from both sides, so sows in paddock 2 were fed in two places.

Inorganic N distribution

Before the introduction of sows into the field in the spring of 1997 both ammonium and nitrate contents were only 1-3 mg N kg-1 soil at 0-20 cm and even less at 20-40 cm (results not shown). After about 6 months with lactating sows in the field the content of inorganic nitrogen had increased considerably (Table 2). Nitrate levels were especially high with an average of 34 mg kg-1 in the 0-20 cm layer and 17 mg kg-1 at 20-40 cm and with some values up to 162 (0-20 cm) and 132 mg kg-1 soil (20-40 cm). On average 17% of inorganic N was in the form of ammonium but this varied from 0 to 100%. The proportion of inorganic N as ammonium depended on time, moisture content, temperature, etc. 
Total inorganic N was correlated (P<0.01) to feeding sites (Figure 3). The further away from the feeding sites during the second half of the period with livestock the lower the soil content of inorganic N at 0-40 cm. The decrease in inorganic N was greatest in paddock 2. About 30-40 m from the feeding sites were patches where N levels in the topsoil were small corresponding to the level in the reference area without sows. The high levels close to feeding sites were probably caused by the lactating sows receiving large quantities of feed. Braund et al. (1998) found that sows receiving large amounts of food lay down soon after feeding and spent less time grazing. The reductions in foraging behaviour and the larger amount of time spent in the feeding area caused more excreta to be deposited here.
Patches with nitrogen levels comparable with the reference area were found closer to the feeding sites in the deeper soil 20-40 cm layer (Figure 3). Thus, only in the areas with the largest nitrogen loads was the level of inorganic N in 20-40 cm affected in the autumn of 1997. The locations of feeding sites within paddocks, during the first half of the period with livestock, were clearly areas with higher inorganic N levels at 20-40 cm (Figure 3) although no significant effect was found. This lack of significance may be caused by the correlation between feeding sites. Moving away from one often meant moving towards another.

By the following spring only a minor part of the inorganic N found in the autumn was still present at 0-40 cm (Figure 3). Compared with the previous spring before livestock were introduced the total inorganic N content was twice as high, but compared with the autumn just after removal of the sows only 19% of inorganic N in paddock 1 and 14% in paddock 2 remained. The correlation with distance to feeding sites found in autumn was still present in the following year (P<0.001). 
Extractable P distribution

The effect of the presence of the sows on extractable P content at 0-20 cm depth was different from the effect on N and K 
(Figure 4, Table 2). On average extractable P only rose from 82 to 85 mg kg-1 during the period with sows in the paddock, but then continued to rise until the following spring when the content was 92 mg P kg-1 soil. This confirms P as being an immobile nutrient that is more closely connected with the organic part of animal manure than the other nutrients. 

Even though the herd did not initially increase the content of extractable P, the  variability increased considerably. While the maximum P-content before introduction of the sow herd was 108 mg kg-1 soil, it was 153-155 mg kg-1 in later samplings. Extractable P was correlated with the distance to feeding sites and huts. Just after the sows were removed, a pattern similar to that for inorganic N was observed: decreasing P content with increasing distance to feeding sites during the last half of the livestock period. In addition, there were significant effects (P<0.05) of the aggregated distance to huts with increased content of extractable P with decreasing distance to huts. In the following spring only the effect of the feeding sites during the later part of the livestock period was significant (P<0.001).

Exchangeable K distribution

The three cycles of sows between spring and autumn caused exchangeable K to increase from 77 to 164 mg kg-1 soil on average (Table 2). While the maximum value before sows was 170 mg kg-1 soil, it increased to 580 mg kg-1 after the sows had been removed. In the following spring the content was almost unchanged compared with the autumn sampling (Figure 4). Therefore, the spatial correlation was the same at both times. Increasing the distance to huts and feeding sites in the last part of the livestock period gave a decreasing exchangeable K content. 
Water-soluble organic carbon distribution

Water-soluble organic carbon (WSC) is assumed to be a good index of available carbon for biological processes (Rolston & Liss 1989). The application of organic manure increases the content of WSC (Paul & Beauchamp 1989) and the variations in WSC are therefore believed to reflect, at least partly, the excretion behaviour of the sows.

The level of WSC was not as dramatically affected by the herd as the previously mentioned nutrients. Thus, WSC was on average 25, 33 and 19 mg C kg-1 soil in spring 1997, autumn 1997 and spring 1998, respectively. However, the herd caused large variations especially in paddock 2 where WSC at some sampling points exceeded 100 mg C kg-1 soil in both samplings following the sow herd (Figure 5). As with the soil nutrients WSC was  significantly greater (P<0.001) near to feeding sites during the last part of the period with sows. 
Succeeding potato crop

Plant material sampled at maximum dry matter content in the succeeding potato crop showed huge variations (Figure 6). Dry matter yield varied from 630 to 3585 kg DM ha-1 at individual points. These variations were only weakly related to the distribution of nutrients in the previous year. A statistical analysis including all soil nutrient data (N, P and K) in the previous autumn and spring showed that although N and K content significantly influenced dry matter production (P<0.05) they only explained 17% of the total variation.

The concentrations of N, P and K in plant material were all significantly influenced by both soil concentration of the same nutrient and distance to feeders. For P and K concentrations the distance to huts was also significant (P<0.001 and P<0.05, respectively).
The low correlation between soil nutrient concentrations and plant production or plant nutrient concentrations is probably caused by a very low nutrient efficiency in this system. However, field variability in plant nutrient content is always expected to be an order of magnitude larger than the soil nutrient variability (Berndtsson & Bahri 1995).
DISCUSSION


The described paddocks were grazed by farrowing sows for approximately 6 months with a high stocking density (15 sows ha-1 yr-1). Furthermore, piglets were weaned from the sows after 7 weeks. Earlier weaning would have reduced the nutrient load in the paddocks, since the feeding intensity was greatest in the last weeks of the lactation. The validity of the results is supported by significant effects being virtually identical in both paddocks although they were managed differently in two potentially important aspects. In paddock 1 sows only had access to one feeder compared with two feeders in paddock 2 (Figure 1), and in paddock 1 huts were shared 81% of the time as opposed to only 45% in paddock 2. 
From an environmental viewpoint the high values of inorganic nitrogen in the autumn are of major concern since they may lead to nitrate pollution of ground water. The high N loads were caused by the skewness in nutrient excretion, a feature also found by Stauffer et al. (1999), and also by high N-input into the paddocks in the feed. Under similar conditions we found a N-input in feed of 9.2 kg N per sow per lactation. In this case with three successive groups of lactating sows at a stocking rate of 32 sows ha-1, the input in feed reached ca. 880 kg N ha-1. With 10 piglets per farrow, 15 kg weaning weight and 27 g N kg-1 piglet (Sibbesen 1990) the N-output was ca. 390 kg N ha-1. Thus, the total balance of the paddocks had a surplus of ca. 500 kg N ha-1. The increase in soil inorganic N at 0-40 cm during sow grazing was 163 kg N ha-1 corresponding to one third of the N surplus. The N surplus was distributed between uptake in the succeeding potato crop (estimated at 80 kg N ha-1), leaching losses (the average inorganic N content decreased by 150 kg ha-1 from autumn to spring), ammonia volatilisation (Sommer et al., 1999), denitrification (Petersen et al., 1999) and storage in the soil organic pool. The distribution of the N surplus between plant uptake, losses and soil organic matter depends on soil type and climatic conditions. However, in temperate regions the combination of sandy soils and high winter rainfall may lead to a relatively large proportion lost through leaching. This is most likely the case in Denmark, where outdoor pig production is predominantly related to the sandy soils that cover about 50% of the agricultural area.
CONCLUSIONS

In order to increase the efficiency of nutrients deposited by outdoor sows two aspects are of utmost importance. The stocking density and level of dietary nutrient input must be adjusted according to locally acceptable nutrient surpluses, depending on soil type, climatic conditions and distance to water supplies. Furthermore, a uniform distribution of nutrients should be obtained by manipulating the excretory behaviour of the sows. This study indicates that this may be done by regularly shifting the position of the feeders and the huts. A more uniform distribution of nutrients may also be obtained by keeping sows in smaller individual enclosures instead of the large common paddocks used in this investigation. 

ACKNOWLEDGEMENT

The technical assistance of Erik Damgaard and the crew at Askov Experimental Station is gratefully acknowledged. We thank Jørgen Djurhuus for reviewing drafts of the manuscript.
REFERENCES
Anderson DL Hanlon EA Miller OP Hoge VR & Diaz OA 1992. Soil sampling and nutrient variability in dairy animal holding areas. Soil Science 153, 314-321.


Berndtsson R & Bahri A 1995. Field variability of element concentrations in wheat and soil. Soil Science 159, 311-320.

Braund JP Edwards SA Riddoch I & Buchner LJ 1998. Modification of foraging behaviour and pasture damage by dietary manipulation in outdoor sows. Applied Animal Behaviour Science 56, 173-186.

Deering J & Shepherd CM 1985. Outdoor pig production in England. Pig News and Information 6, 445-447. 

Denmat M Le Dagorn J Aumaître A & Vaudelet JC 1995. Outdoor pig breeding in France. Pig News and Information 16, 13N-16N.

Mortensen B Ruby V Pedersen BK Smidth J & Larsen VA 1994. Outdoor pig production in Denmark. Pig News and Information 15, 117N-120N.

Olesen JE & Heidmann T 1990. EVACROP. A program for calculating actual evaporation and drainage from the root zone. Version 1.01. (in Danish) Research note no. 9, Dept. of Agrometeorology, Danish Institute of Agricultural Sciences, Tjele.

Paul JW & Beauchamp EG 1989. Effect of carbon constituents in manure on denitrification in soil. Canadian Journal of Soil Science 69, 49-61.

Petersen SO & Eriksen J 1999. Denitrification losses from outdoor piglet production: Temporal and spatial variability. Proceedings from 10th Nitrogen Workshop 23-26 August, The Royal Veterinary and Agricultural University, Copenhagen. 
Rolston DE & Liss HJ 1989. Spatial and temporal variability of water-soluble organic carbon in a cropped field. Hilgardia 57, 1-19.

SAS 1996. SAS/STAT Software: Changes and Enhancements through Release 6.11. SAS Institute Inc., Cary, NC, USA. 1094 pp.



Sibbesen E 1990. Nitrogen, phosphorous, and potassium in fodder, animal produce and animal manure in Danish agriculture in the 1980ies. (in Danish with English abstract) Report no. S2054. Danish Institute of Plant and Soil Science, Tjele.

Sommer SG & Møller HB 1999. Ammonia volatilization from pigs on grassland. Proceedings from 10th Nitrogen Workshop 23-26 August, The Royal Veterinary and Agricultural University, Copenhagen. 
Stauffer W Menzi H & Trachsel P 1999. Gefährden Freilandsschweine das grundwasser? Agrarforschung 6, 257-260.

Watson CA & Edwards SA 1997. Outdoor pig production: What are the environmental costs? Environmental & Food Sciences. Research Report. Scottish Agricultural College. pp. 12-14.

West CP Mallarino AP Wedin WF and Marx DB 1989 Spatial variability of soil chemical properties in grazed pastures. Soil Science Society of America, Journal 53, 784-789.
Worthington TR & Danks PW 1992. Nitrate leaching and intensive outdoor pig production. Soil Use and Management, 8, 56-60.

Zihlmann U Weisskopf P Menzi H & Ingold U 1997. Bodenbelastung durch freilandschweine. Agrarforschung 4, 459-462.






PAGE  
7

_1006602210.unknown

_1026717464.unknown

_1030883521.unknown

_1030883481.unknown

_1009265967.unknown

_996494142.unknown

