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Abstract

Ways of 'tracking' environmental fluctuations could be of value in limiting drought-induced mortality and increasing output. We examined a range of tracking policies, designed to tackle climatic variation, using a simulation model of a semi-arid grazing system. These compared annual sales designed to limit stocking rate, pre-emptive sales triggered by insufficient rainfall, and variable sales and stocking-rate regimes determined by the current season's rainfall. Although the flexible stocking strategies did reduce mortality losses, compared with fixed stocking, they did not increase average annual sales. The main reasons for this are that major losses of stock are associated less with one-year than with two-year droughts, which are difficult to track, and that de-stocking can be really effective only if the productive potential of the herd can be re-established more rapidly than is possible from depleted herd resources. Tracking policies did have a considerable advantage in terms of reduced inter-annual variability of sales, which would be of economic benefit to the commercial livestock sector. For subsistence pastoralists, the traditional policies of maintaining the maximum number of breeding stock, and of hoping that most of them will survive drought, may be as close as 'opportunistic' management can get to dealing with drought.
Introduction

Climatic variability is the single largest cause of poverty in pastoral societies, for two reasons. First, droughts that are severe enough to cause livestock mortality result in the destruction of wealth and loss of potential output. Second, climatic variation causes the long-term stocking rate to be lower than could be maintained under more reliable climatic conditions, because livestock populations take time to rebuild after die-offs. Environments which are arid or semi-arid are prone to a high degree of climatic variability and low primary production, with the result that pastoralism is the principal form of land-use. Clearly, ways need to be found of combating the economic and social effects of drought.

Recommending a constant stocking rate as a management strategy is clearly inappropriate under rangeland conditions, because variation in plant production and carrying capacity are caused by climatic variation, notably inter- and intra-annual variation in rainfall. There has, accordingly, been considerable criticism of attempts to apply the notion of a fixed carrying capacity to rangeland as being inappropriate to the circumstances (eg Ellis & Swift 1988; Behnke & Scoones 1993; Scoones 1994; McLeod 1997). Reduction in drought losses could be achieved by a risk-averse strategy of low constant stocking rate. This may preserve wealth to some extent, but can be criticised on the grounds that it reduces income (Behnke & Kerven 1994) and fails to make good use of resources in average and better years. Dissatisfaction with traditional approaches has now led to the emergence of what its proponents would regard as a new paradigm in range management. This sets out to recognise variability as an inescapable feature of rangeland systems, and to find ways of tracking and buffering such variation, both temporal and spatial (Behnke & Kerven 1994; Scoones 1994, 1995). Tracking consists of management responses to environmental variability by adaptation of stock numbers and distribution. Buffering is the defence of pastoral income against the negative effects of environmental fluctuation. Suggestions for buffering include the diversification of sources of income, insurance and loan schemes, central livestock banks and stable marketing schemes, (Behnke 1992; Sandford 1994; Scoones 1994; Toulmin 1994). Recommendations for effective tracking policies include augmentation of supplies of forage usable during drought; using drought-adapted indigenous breeds and breeding for animals with low basal metabolic rates; stock redistribution to less drought-affected areas; reducing feed intake via watering regime and control of parasitism; stock sales during drought and stock purchase after drought, especially small stock with high reproductive rates (Scoones 1994).

Opportunistic management of resources holds the promise that adverse conditions can be countered by management decisions, whilst favourable conditions can be exploited. Following other studies that have used simulation approaches to testing drought management strategies (eg Stafford-Smith & Foran 1992; Hatch and Stafford-Smith 1997), this paper examines whether adaptive stocking and sales policies are successful in tracking environmental fluctuations and could be of value in limiting drought-induced mortality and maintaining animal production.

Methods
We used a model of rangeland dynamics to analyse the effects of a number of stocking and sales policies. The model runs on a daily iteration interval and uses daily rainfall data to calculate vegetation growth and its allocation to plant parts, the selection and intake of these by animals, the animals' consequent energy and protein balances, body growth, reproduction and mortality. It therefore simulates animal population dynamics mechanistically, ie by coupling them to vegetation biomass dynamics. The model can be run without animal sales, in which case the ecological carrying capacity of the system is expressed (as the size of the animal population maintained by intake-dependent birth and mortality, without offtake), or with a range of animal sales policies. The model does not have an economic component, dealing instead with changes in animal numbers from birth, sales and mortality. Because price changes over the drought cycle are a considerable source of variation in economic performance, the generality of the results on changes in animal numbers would be reduced by price assumptions. Moreover, Stafford Smith & Foran (1992) showed that, although simulation results were price-sensitive, the general results applied over a wide range of market conditions. 

A detailed description of the animal component of the model has been presented by Illius & Gordon (in press), with an outline of the plant component. They also presented results showing that the model gives reasonable predictions of the relationship between the long-term mean ecological carrying capacity and mean annual rainfall (Fritz & Duncan 1994). The model structure is addressed by Derry (in press), and a detailed description of the plant component of the model is in preparation (Derry, Illius & Gordon, unpublished). The main features of the model are described briefly here.  

Vegetation The vegetation component of the model is based on that of Dye (1983), who modelled rainfall-soil water relations and grass growth in a semi-arid savanna in SW Zimbabwe. The climate has summer rains, between October to March, and cool, dry winters.  Long-term rainfall data at Bulawayo (20º 23'S 28º 28'E) indicate a slightly skewed distribution with mean annual rainfall (MAR) 603 mm, median 565 mm, the minimum recorded since 1897 being 199 mm, with the lower and second deciles being below 375 and 442 mm respectively (Dye 1983). Dye's model was applied to growth in two vegetation components: perennial grasses and woody browse. The phenology and allometric relations between the plant parts of these components (Poupon 1976, Dye and Walker 1987, Rutherford 1984) were used to predict the daily growth of green leaf, stem and seed (grasses) and green leaf, twig, wood and fruit (trees). Trees were assumed to have the same rain-use efficiency as grasses, in the absence of clear evidence to the contrary. Literature estimates of tissue senescence, decomposition and invertebrate herbivory were included in the prediction of tissue flow from net photosynthesis through to loss from the system. The state variables are, for grasses: carbohydrate stores, green leaf, dead leaf, green stem plus seed, dead stem, fallen seed; and for trees: carbohydrate stores, green leaf, fallen leaf, current season's twig, wood, fruit, and fallen fruit. Simulation results are sensitive to the quantity of tree biomass assumed as initial values (Illius & Gordon, in press), and to avoid this complication, the simulations presented here were all run with a low initial tree biomass (200 kg/ha), thus representing an essentially grass-dominated system.

Animals The animal component allows a number of animal species to be included. Each species is specified by the mature size of each sex, and allometric functions of body mass are used to calculate such physiological properties as the maximum rate of protein deposition, maximum fat mass, and duration of pregnancy and lactation. For present purposes, we specified a single species of small ruminant, approximating to sheep or goats, with mature male and female mass of 53 and 37 kg, respectively. The population is further subdivided into neonates, juveniles (<1 year old) and adults. Suckling animals are classed as neonates until the end of lactation, when they are added to the juvenile class. The model calculates the daily selection of the diet, and, for each sex in each age class, the energy and nitrogen intake, and their metabolic consequences for two state variables: fat-free mass and fat mass. The other animal state variables are the numbers in each sex and age class. 

Diet selection and intake are calculated on the assumption that, each day, each animal species will choose either grass or browse according to which allows maximum daily energy intake, net of the energy costs of foraging. Daily intake for each vegetation component (grass: green and dead leaf and stem; browse: green leaf, shoot, fallen leaf, fallen fruit) is calculated according to the equations of Spalinger & Hobbs (1992), which use the abundance and potential bite size of these components. Selection between grass components is calculated from incisor breadth (based on Illius & Gordon 1987) and a limit, imposed by mouth size, on the ability to select the highest-digestibility component while rejecting those of lower digestibility. Daily potential intake, when abundance is not limiting, is calculated from equations summarising the digesta kinetics model of Illius & Gordon (1991, 1992) which shows good agreement between predicted intake of tropical grasses and that observed in a range of ruminant species. Actual intake is the lesser of that calculated subject to the constraints of food abundance, digestive capacity or ability to deposit protein and fat in animals of each age, sex and reproductive status.

Reproduction in females is determined by animal state (conception can take place if animals have >50% of the maximum fat mass for mature females; pregnancy costs and lactation yield are calculated from body condition and nutrient intake). Mortality is deemed to occur when fat mass reaches zero. Mean body fat in each age class, sex and reproductive status is obtained daily from the calculated energy balance. Body fat is initially assumed to be normally distributed in each age-class and sex, but this is modified by the movement of fatter or thinner animals between ages and reproductive states. Mortality occurs in the proportion of animals in the tail of this distribution that projects below zero. Note that reproduction and mortality are state-dependent (their occurrence is dependent on fat-free mass and fat mass, and not set to a prescribed rate). Birth season is thus a consequence of body condition, although the model allows mating seasons to be defined, if desired.

To make comparisons between different animal species and age classes, it was assumed that animals are equivalent when compared on the basis of the metabolic live weight of the mature animal, with immature animals rated in proportion to their degree of maturity. We therefore defined animals in terms of the Livestock Equivalent (LE), where 1 LE is a mature bull of 450 kg. The fraction of an LE for an animal of mass M in a species with male mature mass A is (M/A)(A0.75/4500.75) or 0.01MA-0.25. There are about 7.6 'average' sheep per LE, given the range of ages and weights in the average flock.

Simulation procedure Simulations were run for 20 years, using mean daily rainfall for the years from 1975 to 1994, inclusive, at Bulawayo. The MAR over this period was 575 mm with cv 0.388, and the sequence contains a multi-annual drought in the early 80's (see Fig 1). The year is defined in terms of the rain year, commencing 1 September. Prior to each 20-year sequence, an initial running-in period of 5 years on average rainfall figures was used to minimise the effects of the chosen initial values. Mean results over the 20 years were calculated for animal numbers at the end of March (near the end of the rainy season), yearly average stocking rate, annual mortality and sales, expressed as the live mass sold per hectare. The coefficient of variation (cv) of sales was calculated as the standard deviation of sales over each 20 year run, divided by the mean and expressed as a percentage. Twenty-five replicates were run for each policy, by randomising the order in which each rain year's data were taken. This technique ensured that the mean and cv of annual rainfall over the 20 years in each replicate was the same, but changes to the sequence of years produced variation in the timing and severity of droughts. It was apparent that the results of the simulation were highly sensitive to the sequence of rainfall years, and in order to make the analysis of results tractable we adopted a fully replicated design, whereby the same 25 sequences, randomly derived on the first run, were subsequently used as replicates for each policy option. The spread of results was still wide, but we were then able to compare the effectiveness of policies after controlling for sequence effects, rather than having to leave them as random.
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Fig 1. Distribution (bars) and mean (- - - - - -) annual rainfall at Bulawayo, SW Zimbabwe.

Stocking and sales policies Our aim was to find effective tracking policies, as judged by increased animal sales and reduced mortality. Policies designed to exploit spatial heterogeneity in vegetation conditions, such as transhumance or agistment, were not considered, because they are outwith the scope of the present model. Preliminary work suggested that sales per ha were maximised at a stocking rate of approximately 0.15 LE/ha, and subsequent simulations were based on that target stocking rate. The control simulation therefore had the policy that all stock surplus to the target stocking rate on 15 March were sold. The normal order of priority for selling stock was: adult males, juvenile males, juvenile females, adult females. We also varied the rules governing livestock sales, chiefly by allowing or preventing the sale of weaned animals under one year of age and whether or not to sell any females of breeding age. Preliminary analysis showed that the composition of the allowable sales had a significant bearing on whether intended reductions in stocking rate could be achieved and on how rapidly the population could recover from drought-induced mortality. For this reason, each policy was compared with two options: whether or not to sell mature, non-lactating females to meet stock-reduction targets. Lactating females were never sold. Whatever the female-sales option, sufficient mature males were retained to achieve a minimum male:female ratio of 1:50.

In addition, we compared the effects of rapid restocking after a severe crash with no restocking, in which the flock had to rebuild entirely on its own. We instituted a restocking option whereby a crash severe enough to reduce animal numbers to below 5% of the target stocking rate triggered restocking with 20% of the target stocking rate in the following wet season. Results appeared to be insensitive to the restocking dates, and so 1 December was chosen. All sales results reported are net of animals brought in during re-stocking. Thus, each policy, as detailed below, was repeated with the 2 x 2 female sales and restocking options.
1. Fixed stocking All stock surplus to the target stocking rate of 0.15 LE/ha on 15 March to be sold. We refer to these regular sales as stock sales.

2. Pre-emptive sales This was designed to pre-empt mortality following poor rains, by selling a chosen percentage of stock if the rainfall on a chosen date was below some threshold proportion of the long-term average rainfall on that date. Stock sales still took place to re-set the target stocking rate in mid-March, as before. 

The effects on the 20-year mean annual sales were very similar for the different decision dates and rainfall thresholds investigated, and examples are shown in Fig 2 of the effects of varying the percentage of stock sold to pre-empt mortality following poor rains. As the percentage of the current stock sold pre-emptively was increased to 80%, mortality was slightly reduced, but the low stocking rate reduced over-all sales (Fig 2a). Based on these results, we chose 20% as the quantity of stock to sell pre-emptively, for comparison with other stocking policies.

3. Tracking We then turned to a tracking policy which adapted the target stocking rate, set each March, as a function of the current season's rainfall, using a relationship derived from the ecological carrying capacities predicted for a range of mean annual rainfall (see Illius & Gordon, in press, Fig 7): CC = -0.1 + 0.0005 MAR (LE; r2=0.603), adjusted to the proportion of MAR expected by mid-March. Two further modifications were made. To prevent stocking rates becoming so high that a crash was likely to occur in the following year even at average rainfall, the rate was either capped to 0.3 LE/ha, or the cap varied in accordance with the previous as well as the current year's rainfall.

4. Mortality tracking Lastly, we investigated two policies designed to detect the severity of drought by monitoring mortality, and by selling animals in proportion to the incident mortality rate. We used this either in conjunction with the fixed stocking policy, with mid-March stock sales designed to return to a stocking rate of 0.15 LE/ha, or with the uncapped adaptive stocking rate, as above.

Analysis

The results set comprised data on each of the 25 replicates of the eight policies x four female sales and restocking options. These were analysed by anova, using a randomised block design with sequence as blocks. Plots of residuals against fitted values were inspected for non-randomness and logarithmic transformation used for corrections, where necessary.  

Results
Rainfall sequence had a marked effect on the performance of all options (eg, for mean annual sales per ha, F24,744 = 25), causing a roughly two-fold range in the 20-year mean of sales, mortality and stocking rate, and despite the fact that the mean and cv of rainfall over the 20-year run was constant. This effect was generally much larger than the effects of the stocking and sales policies investigated. It was not the case that a 'bad' rainfall sequence had equal effects across all policies and options: there were significant policy.sequence and female-sales option.sequence interactions in a regression analysis of sales. We have not attempted to analyse the properties of the rainfall sequence causing variation in output, but the examples of rainfall sequences giving diverse results (Fig 3) suggest that smooth changes in rainfall between successive years may result in better system performance. The 'good' sequence had a tendency towards positive autocorrelation between rainfall in successive years (r = 0.158), whereas the 'bad' sequence was the reverse (r = -0.143). By comparison, the original sequence was random (r = -0.004).

Sale and re-stocking options. Table 1 compares the effects of the female-sales and re-stocking options, averaged across all policies. Sale of adult females had a large effect on system performance. Unless adult females are sold, as part of a policy to market animals and reduce stock numbers, the target stocking rate is exceeded, mortality is unacceptably high and annual sales are reduced. Re-stocking, on the other hand, had a rather small effect, increasing sales by only about 8%. Compared with retaining all breeding females, even when in excess of target numbers, and not restocking after severe drought losses, the preparedness to sell female breeding stock to meet the target stocking rate combined with restocking showed a 30% improvement in mean annual sales. This combination of female sales and re-stocking options were therefore chosen for subsequent reporting of the results of stocking and tracking policies, in Table 2.

Pre-emptive sales and tracking policies. The various tracking policies examined produced no useful increase in mean annual sales, compared with the control (fixed stocking), although the differences between policies were highly significant statistically (Table 2). This was partly due to the confounding effect of the policies on the mean annual stocking rate achieved, which varied between the policies. Higher output was almost always associated with policies which maintained high average stocking rates, as was higher mortality. The policies did show large differences in the consistency of annual sales between years of each 20-year run, as indicated by the cv.

The fixed stocking and pre-emptive sales policies produced very similar results (Table 2). The mean annual stocking rate for these policies slightly exceeded the target, because sales of stock in excess of those required for the target stocking rate took place only once a year, and reproduction at other times resulted in a higher annual average stocking rate. These policies were associated with substantial average annual mortality, and were highly variable in annual sales, with sd typically 1.4 times the mean. This implies zero sales in nearly one year in four. Whether the pre-emptive sales occurred at the beginning of December or the end of February, the main effect was to reduce the later stock sales and not to achieve a significant increase in output (Fig. 2). The same applied when varying the sales policy to exclude the sale of female breeding-stock (Fig 2b). Either way, pre-emptive sales served no useful purpose.

The basic tracking policy, in which the stocking rate target was adjusted according to the current-season's rainfall, had similar sales and cv to the control and pre-emptive sales policies, but achieved it with lower mortality and stocking rate. Capping the tracking, to prevent the target stocking rate being set unsustainably high in high rainfall years, achieved a reduction in sales cv without further reduction in sales, mortality or stocking rate. Adjusting the severity of this cap to the current and previous season's rainfall led to the lowest mortality, stocking rate and sales cv, but produced the lowest sales.

The attempt to track the current severity of food shortage by selling animals in direct proportion to the current mortality losses ('mortality tracking'), when combined with a fixed target stocking rate in mid March, showed no improvement over the control policy, except for a lower sales cv. When combined with a rainfall-dependent stocking rate, sales were nearly as high as the control policy, and with a lower cv of sales, low mortality and low average stocking rate.

The fact that the various policies produced different average annual stocking rates makes comparison of results difficult, because it is hard to separate the direct effects of the policy from its indirect effect via stocking rate. We attempted to overcome this by re-analysing sales, variability and mortality by fitting average annual stocking rate as a covariate, and calculating the results which might have been obtained at 0.15 LE/ha (see Table 3). The adjusted results suggest that there are no substantial differences in annual sales between any of the policies, when compared at equal stocking rates. The results suggest that the poorer sales produced by the tracking policies, in which stocking rate is adjusted to seasonal rainfall, were due to the lower stocking rates they maintained. The cv of sales and mortality were generally similar to the unadjusted estimates.

Discussion

It seems to make obvious sense to accept the fact that arid and semi-arid grazing systems are prone to environmental variability, and to try to find ways of adapting to it. The principle challenge, from the perspective of managing the animal population, is to find ways of reducing drought-induced mortality, and therefore it would appear to be sound practice to sell animals that would otherwise die during droughts. The success of such an approach could therefore be measured in terms of the diversion of mortality losses into increased sales. Our results suggest that, despite their promise, policies designed to track unpredictable environmental variations do not readily yield the benefit of increased output, by comparison with a policy of fixed stocking. It should be noted that our 'fixed stocking' policy does, in fact, have a tracking element, in that its sales regime ('sell animals in excess of the number at which long-term mean annual output is maximised') depends on the animal numbers present each year. It corresponds with the optimal harvesting policy theoretically derived for fluctuating populations (Lande et al. 1995). Stafford Smith and Foran (1992) argued that de-stocking in drought (essentially the same as our pre-emptive sales policy) was economically superior to hopeful inaction. Although the more complex tracking policies we examined yielded no improvement in mean annual sales over fixed stocking, they did have a considerable advantage in terms of reduced inter-annual variability of sales. The fixed stocking and pre-emptive sales policies were highly variable in annual sales, with cv typically 140%. This implies zero sales in nearly one year in four. On the other hand, the tracking policies had lower sales cv (c. 75%), implying zero sales in about one in 10 years. Significant advantage could accrue to risk-averse pastoralists from policies which reduce inter-annual variability in sales, even at the expense of lower average sales.

Tracking policies designed to limit mortality and so increase output were less effective than expected, for three main reasons. First, for large stock reductions to be achieved inevitably requires that breeding females be sold, which in turn reduces future productive potential and offsets the benefits of reduced mortality. Drastic de-stocking may avoid drought losses, but it removes the ability to produce in the future just as effectively as does mortality. For all producers to sell their stock at the onset of a drought and then buy them back afterwards would require huge resources to be deployed, either by government or by some market or insurance mechanism. If re-introductions of breeding stock are not possible, stock numbers will lag behind climatic fluctuations, and the drive to rebuild stock numbers will produce a succession of population crashes and missed opportunities. Inadequate infrastructure (eg absence of national drylot schemes to store animals over droughts) is likely to be a constraint on re-stocking. Indeed, there is some scepticism about the feasibility of de-stocking/re-stocking schemes (Sandford 1994). Our more modest re-stocking option is an acknowledgement of the difficulty of financing such schemes. Second, if breeding females are never sold, or sales coincide with mortality (as in the 'mortality tracking' policy) then the average size of the animals sold is reduced, leading to lower output. Third, while tracking the current season's rainfall was effective in reducing mortality in the following dry season, it could not avoid the frequently larger mortality occurring as a result of late or low rain in the following season. In agreement with this, Ellis & Swift (1988) noted that two-year and not one-year droughts were the major source of mortality in the semi-arid Turkana system in E. Africa. The mortality tracking policies were designed to overcome this, but they generally failed by having to sell animals at a light weight, yet in large numbers.

Much of the contrast between the policies we examined revolves around the effect they had on average stocking rate. Because the policies varied in their effects on stocking rate, and because low stocking rates were associated with low sales, comparison of the policies in terms only of their sales is confounded by the different stocking rates. The attempt to control for this effect statistically suggests the lack of improvement in sales obtained by tracking policies was masked by the lower stocking rates they led to. There are a number of possible problems with this statistical approach. Average annual stocking rate is the outcome of a given policy and climatic regime, not an input. Accordingly, it is unclear exactly how each policy would have to be modified to meet a particular target stocking rate. The covariate approach uses variation between sequences to fit the effect of stocking rate, and so results adjusted to a particular stocking rate are, in effect, being obtained from a different subset of rainfall sequences. Since it is uncertain that the policy changes necessary to generate the required stocking rate are equivalent to electing a different subset of sequences, the adjustments obtained by this method must be regarded as approximations.

Another objection to comparing the policies by sales and ignoring stocking rate is that this assumes that high stocking rate has no deleterious effects on the long-term productivity of the system. Such an effect appears at least to be specific to particular climatic, soil and vegetation conditions, but remains contentious (Behnke & Scoones 1993; Illius & O'Connor, unpublished). We are not be confident that our model replicates any such effect reliably, and that is our main reason for comparing only 20-year runs.

Our analysis of livestock management policies produces an interesting dichotomy between what can be achieved from rigid and flexible policies. At one extreme, rigid policies, consisting of only one or two annual stock-reduction sales, and no sales of breeding females, produced low annual sales, high inter-annual variability in sales, and high mortality, but maintained high stocking rates (see Table 1 and 4). The option to retain all breeding females is consistent with the objective of maximizing stock numbers and the reproductive capacity of the flock, but is not consistent with maximizing sales. At the other extreme, higher annual sales, at markedly lower inter-annual variability, lower stocking rate and low mortality were obtained by a tracking policy which set stocking targets at the end of the rainy season in accordance with how good or poor the rains had been. Note, however, that the difference in sales between these two extremes was almost entirely due to differences in the policy governing female sales (see Table 1), rather than to the tracking (ie flexible stocking) component of the policy. Only the reduction in sales cv and mortality could be attributed to tracking.

These two approaches contrast a strategy of high animal numbers and low output with one of low numbers and high output: essentially the contrast in objectives usually attributed to the communal and commercial sectors, respectively, of African livestock keeping. Although tracking policies may be attractive to the commercial sector, because they could reduce sales variance, the objective of keeping large numbers of stock would be better met by fixed policies, with only slight modification. For example, a policy which allowed sales of breeding females and undertook some restocking after sever droughts had a combination of high annual sales and high stocking rate (Table 2). It would appear that, in the absence of an ability to restock heavily after droughts, the traditional policy amongst subsistence pastoralists of maintaining the maximum size of breeding herd is well founded, given that the total weight of animal sales is not the highest priority. On this view, high mortality is merely the cost of maintaining high animal numbers.

One deficiency of the present model is that it does not incorporate an economic analysis, and this must be the subject of future work, so that the effects fluctuations in market conditions over the drought cycle can be evaluated. Another important development of the model must be to address the feedbacks of defoliation intensity on long-term primary production. In the shorter term (ie variation between successive years), the model does attempt to account for the effect of intensive defoliation on plant carbohydrate reserves, and subsequent impairment of regrowth in the following season. To the extent that this is accurately portrayed in the model, our results do already incorporate the benefits that destocking might be expected to have on subsequent primary production (see Hodgkinson 1994). Despite the uncertainties about the nature of longer-term changes, and about the conditions under which they will occur, they must be addressed if an assessment of stocking policies is to be comprehensive.
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Table 1. Results for the female-sales and re-stocking options, averaged over all stocking policies. The results are derived from the 20-year means of annual sales, mortality and stocking rate of each run, and the mean cv of annual sales over each 20-year run. 



No Female sales



With female sales




Response variable

No

re-stocking

With

re-stocking

No

re-stocking

With

re-stocking
s.e. diff

Sales (kg live weight/ha)

14.10

15.58

17.10

18.23
0.278

cv of sales (%)

106

94

113

105
2.7

Mortality (%)

42.2

41.6

16.9

15.5
0.60

Sales/output (%)*

39

39

74

78


Stocking rate (LE/ha)

0.188

0.208

0.138

0.142
0.029

* 100 x numbers sold/(numbers sold + numbers dying)


Table 2. Results for each policy, with female sales and re-stocking. The results are derived from the 20-year means of annual sales, mortality and stocking rate of each run, and the mean cv of annual sales over each 20-year run.



Response variable




Policy

Sales (kg live weight/ha)
cv of sales (%)
Mortality (%)
Stocking rate (LE/ha)

Fixed stocking

19.58
63
19.4
0.161

Pre-emptive sales in Dec

19.98
62
19.4
0.162

Pre-emptive sales in Feb

19.09
66
23.7
0.173

Tracking, basic

18.23
149
12.5
0.134

Tracking, capped @0.3 LE/ha

18.40
143
12.4
0.135

Tracking, capped ( rainfall

14.46
140
9.4
0.096

Mortality tracking + fixed stocking

17.76
76
18.0
0.142

Mortality tracking + variable stocking

18.35
139
8.9
0.129

s.e. diff 

0.39
7.7
0.85
0.0041








P for anova terms






Policy

<0.001
<0.001
<0.001
<0.001

Female sales

<0.001
 0.116
<0.001
<0.001

Re-stocking

<0.001
<0.001
 0.017
<0.001

Policy.Female sales

<0.001
 0.003
<0.001
<0.001

Policy.re-stocking

 0.205
 0.0486
 0.006
 0.408

Female sales.re-stocking

 0.371
 0.385
 0.294
<0.001

Policy.female sales.re-stocking

 0.295
 0.439
 0.134
 0.105

Table 3. Results for each policy, with female sales and re-stocking, when compared at a single stocking rate of 0.15 LE/ha. 



Response variable




Policy

Sales (kg live weight/ha)
cv of sales (%)
Mortality (%)

Fixed stocking

18.3
132
18.6

Pre-emptive sales in Dec

18.0
134
19.8

Pre-emptive sales in Feb

17.5
140
19.8

Tracking, basic

20.0
102
 9.0

Tracking, capped @ 0.3 LE/ha

20.0
 61
 9.0

Tracking, capped ( rainfall

21.2
 50
 5.8

Mortality tracking + fixed stocking

18.7
 63
16.6

Mortality tracking + variable stocking

20.1
 56
 7.7


Table 4. Comparison of rigid and flexible policies 



Policy


Response variable

Fixed stocking, no female sales, no re-stocking

Mortality tracking + variable stocking, with female sales and re-stocking

Sales (kg live weight/ha)

13.48

18.35

cv of sales (%)

102

139

Mortality (%)

43.1

8.9

Sales/output (%)*

38

87

Stocking rate (LE/ha)

0.182

0.129

* 100 x numbers sold/(numbers sold + numbers dying)





No Female sales

With Female sales


No re-stocking

With re-stocking

No re-stocking

With re-stocking

Policy
Sales (kg live weight/ha)

Fixed stocking
13.5

15.3

19.2

19.6

Pre-emptive sales in Dec
13.4

15.9

19.5

20.0

Pre-emptive sales in Feb
13.2

15.6

19.3

19.9

Tracking, basic
15.0

17.1

17.9

18.2

Tracking, capped @0.3 LE/ha
15.4

16.8

17.9

18.4

Tracking, capped ( rainfall
15.2

15.2

14.2

14.5

Mortality tracking + fixed stocking
12.9

14.1

16.1

17.8

Mortality tracking + variable stocking
14.3

14.8

16.7

18.4

Mean
14.1

15.6

17.6

18.3


cv of sales (%)

Fixed stocking
102

85

66

63

Pre-emptive sales in Dec
101

80

66

62

Pre-emptive sales in Feb
106

84

66

63

Tracking, basic
121

104

150

149

Tracking, capped @0.3 LE/ha
109

98

144

143

Tracking, capped ( rainfall
99

99

144

140

Mortality tracking + fixed stocking
99

90

88

76

Mortality tracking + variable stocking
115

112

157

140

Mean
106

94

110

105

0.1819
0.2070
0.1703
0.1610

0.1790
0.2124
0.1577
0.1615

0.1760
0.2098
0.1696
0.1727

0.1911
0.2164
0.1314
0.1341

0.1950
0.2125
0.1323
0.1354

0.1907
0.1911
0.0936
0.0960

0.1889
0.2078
0.1299
0.1424

0.2015
0.2090
0.1178
0.1292


Variate: cv

Grand mean  1.0474

   policy     Fixed    PanDec    PanFeb   Adnocap  AdFixcap  Advarcap MortFixed

             0.8275    0.7749    0.8332    1.3082    1.2359    1.2063    0.8830

   policy    MortAd

             1.3098

    fspol  NoFSale    Fsale

            1.0033   1.0914

   respol Norestock   Restock

             1.0994    0.9954

    policy    fspol  NoFSale    Fsale

     Fixed            0.9387   0.7163

    PanDec            0.9101   0.6397

    PanFeb            0.9460   0.7204

   Adnocap            1.1251   1.4913

  AdFixcap            1.0373   1.4345

  Advarcap            0.9888   1.4238

 MortFixed            0.9439   0.8222

    MortAd            1.1366   1.4830

    policy   respol Norestock   Restock

     Fixed             0.9121    0.7429

    PanDec             0.8376    0.7122

    PanFeb             0.9191    0.7473

   Adnocap             1.3510    1.2653

  AdFixcap             1.2642    1.2077

  Advarcap             1.2148    1.1978

 MortFixed             0.9346    0.8315

    MortAd             1.3615    1.2582

    fspol   respol Norestock   Restock

  NoFSale             1.0645    0.9421

    Fsale             1.1343    1.0486

              fspol   NoFSale               Fsale

    policy   respol Norestock   Restock Norestock   Restock

     Fixed             1.0244    0.8530    0.7998    0.6329

    PanDec             1.0131    0.8071    0.6621    0.6174

    PanFeb             1.0561    0.8359    0.7821    0.6588

   Adnocap             1.2065    1.0436    1.4955    1.4870

  AdFixcap             1.0905    0.9841    1.4379    1.4312

  Advarcap             0.9856    0.9921    1.4441    1.4035

 MortFixed             0.9878    0.9000    0.8815    0.7629

    MortAd             1.1518    1.1215    1.5712    1.3949

*** Standard errors of differences of means ***

Table               policy       fspol      respol      policy

                                                         fspol

rep.                   100         400         400          50

d.f.                   744         744         744         744

s.e.d.             0.03875     0.01937     0.01937     0.05480

Table               policy       fspol      policy

                    respol      respol       fspol

                                            respol

rep.                    50         200          25

d.f.                   744         744         744

s.e.d.             0.05480     0.02740     0.07750
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