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Executive Summary 

Value of environmental monitoring: Environmental monitoring is valuable for documenting 

responses to land use change, engaging public awareness in environmental issues, and 

providing the necessary evidential basis for market access. In New Zealand, there is very 

little information available on the long-term trends for environmental indicators associated 

with farmland at either regional or national scales. This makes it difficult to identify which 

land practices are sustainable and which species or environmental measures could be used 

as sustainability indicators. 

Soil monitoring in kiwifruit: Soil monitoring was initiated by the Agricultural Research 

Group on Sustainability (ARGOS) in 2004. Soil quality was selected for monitoring because 

it is fundamental for sustaining production and livelihoods as well as maintaining diverse and 

abundant ecological communities on orchards. The long-term goal of our study is to identify 

the optimal survey design for monitoring long-term trends in soil quality and health in the 

kiwifruit sector. 

Research objective: In this report, we evaluate whether the existing ARGOS soil survey 

design will be able to detect detrimental changes in soil quality indicators at the industry level 

for New Zealand’s kiwifruit orchards in the future, or if alternative designs perform better. 

Meaningful threshold trend values and timelines for raising a ‘red-alert’ alarm if soil quality 

was declining at the industry level were determined from the literature. Our analysis focused 

on six soil quality indicators (available mineralisable nitrogen, bulk density, carbon, nitrogen, 

Olsen phosphorus, and pH). ARGOS data were used to simulate red-alert trends in soil 

quality in the kiwifruit sector over a 25-year period. 

Evaluating the power of the ARGOS design to detect a red-alert trend: A power analysis 

was used to test the likelihood of detecting a ‘red-alert’ trend at the industry level, given that 

the change occurred. We assumed field surveys were carried out following the existing 

ARGOS survey design, but explored the effect of varying the number and interval between 

sampling events (2, 5 and 10 years). We set the extreme bounds on the power of the design 

using different variance scenarios estimated from the data. We assumed (1) the variation 

around the red-alert trend (i.e. change in the trend through time) was either small or large 

and (2) the trend was either consistent or variable among orchards. 

Power of the ARGOS survey design depends on the red-alert trend characteristics: 

For all the target indicators, the likelihood (or power) of detecting the simulated red-alert 

trend was: 

 High (95%) when variation around the red-alert trend was assumed to be small 

irrespective of whether the trend was consistent or variable among orchards. Assuming 

that sampling occurred every 2 years under these scenarios, there was a 95% chance 

that the red-alert would be detected within 4 years, or two sample events, for all 

variables except Olsen P, where three or five sample events were required for a 

consistent or variable trend among orchards respectively. 
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 Considerably reduced for most soil indicators when the trend was allowed to vary among 

the orchards and the variation around the simulated trend was large; if sampling 

occurred every 2 years under this scenario, the current ARGOS survey design would be 

able to accurately detect a red-alert trend within 10–25 years for all variables, except 

available mineralisable nitrogen and pH, where it should be feasible within a 4-year and 

10-year period respectively. 

 Lowest (<70%) for all indicators when the trend was consistent among orchards but the 

variance around it was large, with the ARGOS survey design unable to accurately detect 

a red-alert trend within a 25-year period, even if sampling occurred every 2 years. 

With more data, our analysis could be refined to determine if the observed trend for a soil 

indicator is indeed real, rather than an artefact of the sampling times in relation to some 

unknown cycle in the nutrients. This would allow us to determine which of the four variance 

scenarios considered is the most realistic. 

Evaluating alternative monitoring designs: The effect of varying the total sampling effort 

employed per sampling event was also examined for two monitoring design scenarios 

where: (1) the ARGOS design was maintained but the total sampling effort employed per 

sampling event was either equivalent to, two-thirds, or one-half of the current ARGOS 

design; and (2) the ARGOS design was implemented but a new (unique) set of randomly-

selected orchards were sampled at each sampling event; the total sampling effort employed 

per sampling event was either equivalent to, two-thirds, or one-half of the current ARGOS 

design. For both design scenarios, variance around the trend was considered small but 

trends varied among orchards, with sampling occurring at 2-yearly intervals. 

Trade-offs in survey design evaluation: Assuming the ARGOS design was implemented 

but the sampling effort was halved, the power to detect red-alert trends was high after 

4 years for all indicators, except Olsen P (which had low power even after 25 years of 

monitoring). When surveying a new set of orchards at each sampling event, the power to 

detect red-alert trends was initially reduced for all six soil indicators, but then increased (with 

the time interval varying among the indicators). Overall, these results highlight the value of 

using repeated measures from the same orchards over time to increase the power of a given 

monitoring design to detect changes in trends of soil indicators, relative to a design that 

measures soil quality at a new set of orchards at each sampling event. 
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ENVIRONMENTAL MONITORING 

Value of monitoring 

Successful environmental outcomes on production lands require a 

combination of environmental monitoring, diagnostic research, testing of 

management solutions, and incorporation of those solutions into sector-wide 

management schemes1,2. In recent years, the value of monitoring environmental 

responses to land use change3,4,5,6, engaging public awareness in environmental 

issues7 and providing the necessary evidential basis for market access8 has clearly 

been demonstrated. For example, on the basis of population monitoring 

demonstrating farmland bird decline in the United Kingdom9,10,11, media and public 

interest was successfully engaged5, targeted research to understand the 

mechanisms of decline (and thus identify approaches to reverse decline) was 

motivated12,13, and initiatives and incentives put in place to foster the uptake of 

management solutions by farmers2. 

In New Zealand, where production lands account for 58% of the total area, 

recent studies have identified an accelerating trend for agricultural intensification14,15. 

However, despite various calls to develop a monitoring scheme that provides reliable 

biodiversity and environmental indicators of the impact of land use changes on 

biodiversity or ecosystem services14,16,17,18,19,20,21, neither the nature of this threat nor 

the extent of its impact on biodiversity and ecosystem services is known21,22. This is 

because little or no information is available on the long-term trends in environmental 

indicators associated with farmland habitats at regional or national scales for New 

Zealand agricultural sectors22,23,24. Knowledge of biodiversity and ecosystem 

services status in farmland areas, or the factors impacting them, is also lacking. 

Hence, it is currently difficult to identify which land practices are sustainable and 

which species or environmental measures could be used as sustainability indicators. 

New Zealand’s kiwifruit sector is the nation’s largest horticultural export 

industry, and a major contributor to the global market25. Since 1997, the total export 

crop has been produced using an integrated pest management system26,27,28 

(KiwiGreen). This system was introduced in the early 1990s to address the 

international market’s concerns about spray residues on fruit. However, because no 

environmental monitoring occurred on the orchards or the surrounding landscape in 

parallel with the significant reduction in agrochemical use, the environmental impact 

of this land use change is unknown. Monitoring is typically expensive and time-

consuming. A key challenge, therefore, is to develop robust sampling designs that 

address specific research or management objectives in a cost-effective manner1. 

Recently, the Agricultural Research Group on Sustainability (ARGOS) 

demonstrated that orchards managed under an organic system support enhanced 

biodiversity29,30,31 and soil quality32 relative to those managed using integrated 
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systems. There is growing evidence internationally to show that organic systems on 

farms can enhance biodiversity33,34,35,36 and have less negative environmental 

impacts37,38, and it appears likely that integrated management systems can also 

contribute to biodiversity conservation. One ARGOS study demonstrated that 

reducing the frequency and toxicity of pesticide applications within kiwifruit orchards 

not only addressed consumers’ concerns about adverse health impacts of spray 

residue on fruit in the international market27, but probably also alleviated adverse 

impacts on biodiversity31. In general the regulations that organic and integrated 

farms need to meet to secure market access do not necessarily have a strong 

ecological basis, with biodiversity benefits often being assumed rather than 

demonstrated27,34. The lack of any long-term environmental monitoring in New 

Zealand’s kiwifruit orchards means the industry has had only limited information 

available for demonstrating to their international market the environmental benefits of 

reducing use of toxic pesticides. 

 

Designing and evaluating monitoring schemes 

Many existing environmental monitoring schemes suffer from design 

deficiencies because three basic questions (Box 1) have not been clearly 

addressed1,39,40,41: 

1. For what specific purpose are we monitoring? 

2. What should we be monitoring to best achieve this purpose? 

3. How should we be monitoring to best collect the required data? 

 

Addressing these questions (Why? What? How?) at the design stage prior to 

the start of monitoring is essential in order to identify the appropriate scale, design 

and intensity of the monitoring scheme. The extent and strength of inferences drawn 

from a monitoring scheme depend on the design used1. Having selected a particular 

sampling design, it is important to determine whether that design will have the ability 

(or power) to detect a specified level of change in the environmental indicator of 

interest (Boxes 1 and 2). The power of a sampling design depends on: 

1. How variable the indicator is over space and time. 

2. The sampling effort implemented in the field: 

a. The number and distribution of study sites 

b. The number of sampling locations within sites 

c. The frequency of and interval between sampling events. 

3. The magnitude of change that the monitoring scheme aims to measure (given 

that the change occurred).  
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Box 1: Key design steps for developing an environmental monitoring scheme 
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The strongest inferences are typically made when the measured variables 

have low bias (little systematic over- or under-estimation) and high precision (a low 

level of uncertainty)42,43. Sources of bias arise when there is non-random selection of 

sampling units or field data are recorded inaccurately. If precision is low, the scale or 

intensity of sampling need to be increased. Whether this is most effectively achieved 

by having more sampling sites or more intensive sampling at existing sites depends 

on how variable environmental indicators are over space and time. Overall, the 

power to detect change increases with sampling effort (e.g. Box 3), decreases with 

increasing variability in the indicator, and increases with the magnitude of change 

you are aiming to measure. The optimal sampling design will balance the ability of 

the scheme to detect the specified level of change with the level of investment 

(financial and time) available for monitoring. 

Pilot trials are often essential to identify and confirm the best approach to 

address the scheme’s objective prior to commencing full-scale monitoring. Important 

points to consider include: 

a) whether the survey aims to maximise the quality of the variable estimated or 

minimise the effort employed44; 

b) what level of difference or change is biologically significant versus statistically 

significant45,46; and 

c) what is the target level of significance and power47. 

Box 2: What is a power analysis? 

 

 

 

 

 

 

A power analysis is a valuable method for determining whether a particular sampling design 

is likely to detect a specified level of change in an environmental indicator (given that the 

change occurred). Ideally, this method should be used at the outset of a monitoring scheme; 

it is not recommended for evaluating why a pre-existing study design failed to detect a 

change (or effect). 

The power to accurately detect a specified 

level of change can be enhanced (from A to 

C) by increasing sampling effort through one 

or more of the following methods: 

 Increasing the frequency of sampling 

events 

 Increasing the number of study sites 

sampled 

 Increasing the number of samples 

collected from each study site 

Overall, power to detect a change increases with sampling effort, decreases with increasing 

variability in the indicator, and increases with the magnitude of change you are aiming to 

measure. 
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A sampling design is typically considered robust when it has high power (i.e. 

≥80% chance or probability) to accurately detect a specified magnitude of change, 

but weak when it has low power (i.e. the likelihood of detecting change would be 

<80%). However, the power thresholds used to determine whether a sampling 

design is robust or not may be modified depending on the seriousness of 

erroneously detecting an effect that is not present (false positive or Type I error; e.g. 

Box 3) versus not detecting an existing effect of given size (false negative or Type II 

error) and their consequent costs (biological, social or economic). Following the 

precautionary principle, for example, minimising the risk of missing a species decline 

will often be desirable for a threatened species (as extinction is irreversible), but 

when distributing limited conservation resources among species, minimising the risk 

of accepting effects that are not real can be equally important. Alternatively, it may 

be desirable to minimise the total cost of the two kinds of error combined47. 

With these points in mind, statistical power analyses can be essential tools for 

comparing the capacity of different sampling strategies to achieve the purpose for 

which they are to be applied48,49,50. Power analyses can also help identify the optimal 

balance between resources spent on monitoring versus analysis of results. More-

complex analyses generally allow more powerful inference from lower quality data, 

or from wider but less intensive monitoring strategies. However, there is a limit to the 

sampling strategy issues that analyses can compensate for, and it is generally better 

to minimise such issues where resources allow. For example, the NeoTropical 

Migratory Bird Conservation Program defined an effective monitoring scheme as one 

that has 90% chance of detecting a 50% decline in a species’ abundance over 25 

years; however, the uncertainty due to the analysis method employed alone was 

larger than the absolute change in population size effect that was to be detected51. 
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Box 3: Effect of varying the number and timing of sampling events 

 

Here, we consider an example where the overall linear trend in soil quality was a declining one, but 

there were also large temporal fluctuations in soil quality (e.g. driven by some unknown nutrient 

cycle). Assuming only three sampling events occurred (figure a), then the likelihood of accurately 

measuring the underlying linear trend was low and strongly influenced by the timing of sampling 

events (e.g. sampling scenario B detected a declining trend, while sampling scenario C measured 

an increasing one). If five sampling events were implemented (figure b), then the likelihood of 

accurately measuring the true trend was high, irrespective of when the sampling events occurred. 

Thus, implementing a higher level of sampling effort (in this case five rather three sampling events) 

more effectively discriminated a real trend from a false one. 
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ARGOS SOIL MONITORING DESIGN 

Why monitor soils? 

Agro-ecosystems are both providers and consumers of ecosystem services52. 

Soil structure and fertility, for example, provide essential ecosystem services to agro-

ecosystems53. While agricultural land can help regulate soil quality, it can also be the 

source of adverse impacts, e.g. nutrient runoff and sedimentation of waterways52. 

Thus, it is critical that we identify appropriate agricultural management practices for 

realising the benefits of ecosystem services and reducing disservices from 

agricultural activities. 

Soil quality is not only fundamental to sustaining production and livelihoods20; 

it is also required to maintain diverse and abundant ecological communities on 

farms. The concept of soil quality includes soil properties and processes that 

determine the ability of soil to function effectively as an ecosystem component54. Soil 

quality may be broadly defined to include capacities for water retention, carbon 

sequestration, plant productivity, waste remediation, and other functions. Intensively 

managed agro-ecosystems are sustainable in the long term only if the outputs of all 

components produced are balanced by appropriate inputs55. Such inputs (e.g. 

fertiliser) are often costly, make up a significant component of the energy footprint for 

food production56 and increase the risk of environmental impacts both on and off the 

farm (e.g. nutrient runoff). 

The ARGOS soil monitoring scheme for New Zealand’s kiwifruit sector was 

initiated in 2004, as part of a broader research programme examining the 

environmental, social and economic sustainability of New Zealand’s farming 

systems20. The scheme was originally designed to address four key objectives: 

1. Establish baseline information on soil quality in relation to farming systems 

and locations as well as other habitats and countries. 

2. Determine drivers of variation in soil quality to provide the necessary 

information required to underpin management and conservation. 

3. Identify a subset of soil quality measures that can be used as indicators for 

monitoring the impact of land use change. 

4. See how these soil quality measures can be integrated with economic and 

social indicators to understand drivers of change. 
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What to monitor? 

The subset of target indicators selected to measure different aspects of soil 

quality (Table 1) was identified following an extensive literature review20. The choice 

of indicators for monitoring soil quality on kiwifruit orchards was strongly influenced 

by the need to: (a) cover biological, physical and chemical aspects of soil quality; (b) 

ensure the indicators, wherever possible, were comparable to historical information 

for New Zealand soils; and (c) encourage growers and consultants to use low-tech 

but reliable and meaningful soil quality indicators throughout their operations. 

Having identified the target indicators, the next priority was to identify the 

types of variables that need to be measured (Box 1). A ‘snapshot’ approach was 

used to assess soil quality in relation to different management systems and locations 

as well as other habitats and countries (e.g. Objectives 1 and 2). This involved 

quantifying the current ‘state’ of soils at certain time-points that were comparable 

(e.g. mean indicator values among management systems32,57). In contrast, research 

aiming to monitor the impact of land use change (Objective 3) will require 

measurement of dynamic variables that quantify temporal changes (trend) in soil 

quality variables. Integrating soil quality measures with related economic and 

environmental indicators to understand drivers of change (Objective 4) will require a 

combination of state and dynamic measures. 

The scheme was designed to focus on monitoring the main production areas 

within each sector to facilitate comparisons of soil quality: (a) among three 

agricultural sectors (kiwifruit, sheep-beef and dairy); (b) among the two or three 

management systems monitored within each sector; and (c) over time20. Inferences 

drawn from the monitoring scheme are, therefore, limited to the production areas of 

the orchard. Another reason for focusing on the dominant landforms within each 

sector was to reduce the risk of spatial variance in soil quality masking any temporal 

trends, thus reducing the scheme’s statistical power to detect long-term trends in soil 

quality. 
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How to monitor? 

A nested sampling design (Box 4) was used to monitor soils on 36 kiwifruit 

orchards, consistent with the overarching ARGOS study design20. The orchards were 

grouped into 12 geographic clusters of three orchards each. Within each cluster 

were three different management systems: an ‘organic’ system growing the ‘Green’ 

kiwifruit variety (Hayward, Actinidia deliciosa), an integrated management system 

with the same ‘Green’ kiwifruit variety, and an integrated management system 

growing the ‘Gold’ variety (Hort 16A, A. chinensis). Clusters were distributed to cover 

the study area in a stratified random design58 (i.e. to maximise geographical spread 

for high-level inference while retaining the ability to compare between farm systems 

by having one farm of each sort within each cluster). The orchard was the primary 

study unit because it is the key ‘site of action’, i.e. for decision-making by owners59. 

On each orchard, three kiwifruit blocks (management units) were randomly selected 

and three permanent soil monitoring sites (SMS) were randomly placed within each 

block. Sampling occurred at two locations within each SMS: within and between vine 

rows (the dominant landforms). Sampling occurred on three occasions at intervals of 

2–3 years in the winter (before fertiliser was applied). A suite of chemical, biological 

and physical measures (Table 1) in the top 15 cm of soil were done at each SMS, 

using a combination of field and laboratory techniques. 

 

Within each property, three kiwifruit 

blocks were randomly selected 

Box 4: ARGOS nested sampling design for monitoring soil quality20,58,59 

Cluster (n = 12) 

Orchard (n = 3) 

Kiwifruit Block (n = 3) 

Each cluster consisted of three kiwifruit orchards, with each orchard 

managed under a different management system (Gold, Green or Organic) 

Within each kiwifruit block: 

 Three permanent soil monitoring sites (SMS) 

were randomly selected where sampling 

occurred at two locations: within and between 

the vine rows.  

 A single sample was created for both the 

within-row location and between-row location, 

by pooling the three SMS samples collected 

within the respective locations. 

Within-row 

Location (n = 1) 

Between-row 

Location (n = 1) 
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Table 1: Summary of indicators used to assess different aspects of soil quality in kiwifruit orchards 

Aspect Indicator Code Units Value of measure 20 Survey 

Structure Bulk density Total BS % g cm–3 Soil compaction, physical environment for roots and soil organisms Ongoing 32,57,60 

 Aggregation  categorical Soil compaction, physical environment for roots and soil organisms Ongoing 32,57,60 

 Porosity  categorical Soil compaction, physical environment for roots and soil organisms Ongoing 32,57,60 

Chemistry pH pH pH Acidity or alkalinity of soil (influences availability of nutrients) Ongoing 32,57,60 

 Cation exchange capacity CEC cmol+ kg-1 Capacity of soil to hold cations Ongoing 32,57,60 

 Exchangeable calcium Ca cmol+ kg-1 Major nutrient for plant growth Ongoing 32,57,60 

 Exchangeable magnesium Mg cmol+ kg-1 Major nutrient for plant growth Ongoing 32,57,60 

 Exchangeable potassium K cmol+ kg-1 Major nutrient for plant growth Ongoing 32,57,60 

 Phosphorus retention P retention ASC% Amount of clay minerals present that immobilise phosphorus Ongoing 32,57,60 

 Olsen phosphorus Olsen P µg L–1 Phosphorus readily available Ongoing 32,57,60 

 Resin phosphorus Resin P µg g–1  Ongoing 32,57,60 

 Sulphate-sulphur Sulphate-S µg g–1  Ongoing 32,57,60 

 Organic sulphur Organic S µg g–1  Ongoing 32,57,60 

 Total nitrogen N% % Total soil nitrogen Ongoing 32,57,60 

 Potentially mineralisable nitrogen AMN µg g–1 Surrogate measure for soil microbial biomass Ongoing 32,57,60 

 Total carbon C% % Organic matter content Ongoing 32,57,60 

 Ratio carbon to nitrogen C/N Ratio Relative measure of soil fertility Ongoing 32,57,60 

Biology Microbial N  µg g–1 Measure of total amount of N present in living microbes in soil Ongoing 32,57,60 

 Microbial C  µg g–1 Measure of total amount of C present in living microbes in the soil Ongoing 32,57,60 

 Basal respiration   Measure of soil microbial activity Ongoing 32,57,60 

 Earthworm abundance  No. m–2 Incorporate and break down organic matter to make nutrients 
available. Improve soil structure. 

Ongoing 32,57,60 

 Nematode total  No. m–2  Case study 61,62,63 

 Nematode groups  No. m–2  Case study 61–63 
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EVALUATING THE ARGOS SOIL MONITORING DESIGN 

This report represents an initial step towards identifying the optimal survey 

design for monitoring long-term trends in soil quality and health on New Zealand’s 

kiwifruit orchards. More specifically, it evaluates whether the existing ARGOS soil 

survey design (Box 4) will be able to detect detrimental changes in soil quality 

indicators at the industry level in the future. 

First, meaningful reference points and timelines (Box 1) that could be used to 

raise a ‘red-alert’ alarm if soil quality was declining at the industry level were 

identified from the literature. ARGOS data were then used to simulate red-alert 

trends in soil quality in the kiwifruit sector. Finally, a power analysis (Box 264) was 

used to test the likelihood of detecting the ‘red-alert’ trend at the industry level in the 

future. The effect of varying the interval between sampling events was tested (2, 5 

and 10 years). 

Raising the ‘red-alert’ alarm: identifying meaningful thresholds 

The scale, design and extent of monitoring required will depend on the 

specific purpose of the monitoring scheme. Thus, the scheme’s objectives need to 

be clearly defined from the outset (see ‘Why monitor?’ in Box 1). Here, we assume 

that the primary purpose of the ARGOS soil monitoring scheme is to warn the 

kiwifruit sector that ‘red-alert’ trends in soil quality are occurring at the industry level. 

To address this objective, six target indicators considered most relevant and 

sensitive for monitoring soil quality in the kiwifruit sector were selected. Red-alert 

trend values were then calculated for each target indicator (Box 565). 
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Measuring power to detect a red-alert trend 

We set the extreme bounds on the power of the design using different 

variance scenarios estimated from the data. We assumed (1) the common variation 

around the red-alert trend (i.e. variation between years, across all orchards) was 

either small or large and (2) the trend was either consistent or variable among 

orchards. To estimate the common variation around the red-alert trend we fitted two 

variance-estimation models to the ARGOS soil monitoring data. In the first model 

(trend model) we fitted a linear trend to the data over time to account for temporal 

variation in the soil nutrients. The resulting unexplained variation was used as our 

variance estimate for the small-variance scenario. However, the ARGOS soil 

monitoring scheme only completed three surveys over a 6-year period and it is 

possible that the observed trend could be an artefact of the timing of our sampling 

events (see Box 6). Therefore we also considered a variance scenario where the 

observed variation over time was random fluctuation around a constant mean rather 

than a real trend (no-trend model). The estimate of this random fluctuation was used 

in the simulations for our large-variance scenario. 

Box 5: Calculating red-alert trend values for target indicators 

Target indicators were used to evaluate the ARGOS survey design’s ability (power) to detect ‘red-

alert’ trends in soil quality. These target indicators were selected in consultation with ARGOS soil 

experts (J. Benge, The AgriBusiness Group; P. Carey, Land Research Services) (see Table 1 for a 

complete list and detailed descriptions of ARGOS soil indicators). 

Target indicator Baseline 
values (µi) 

Red-alert 
thresholds (Ri) 

Red-alert 
trends (βRi) 

AMN* 70 20 −2.00 
Bulk density 0.77 1.4 0.025 
Carbon 5.66 2.5 −0.13 
Nitrogen 0.48 0.7 0.0088 
Olsen phosphorus 58 100 1.68 
pH 6.5 5 −0.06 

*Available mineralisable nitrogen 

For each target indicator: 

 Baseline values (µi) were mean parameter values for existing ARGOS data57 (collected 

during three surveys over a 6-year period). 

 Red-alert thresholds (Ri) were defined using soil quality targets from the literature65. 

 Red-alert trends (βRi) were assumed to be equal to the indicator’s baseline value (µi) 

becoming a ‘red-alert’ threshold value (Ri) over a 25-year period. The red-alert trend was 

the annual change, assuming a linear trend, given by the equation: βRi = (Ri – µi)/25. 
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Box 6: Measuring temporal variance around a linear trend 

 

Here, we consider an example where there were large temporal fluctuations in soil quality (e.g. 

driven by some unknown nutrient cycle) but the overall linear trend in soil quality was unchanged 

(see ‘true trend’ in figure). Assuming only three sampling events occurred, simply by chance we 

could detect a false declining trend (‘see observed trend’ in figure a), where the unexplained 

variance measured is small (see arrows in figure a). With more sampling events we could be more 

certain that any trend that we observed was real (see Box 3). A more conservative approach is to 

assume that there is no overall trend (see ‘observed trend’ in figure b) and that any variation 

around an assumed constant mean value of the soil variable is random. The estimate of the 

unexplained variance is large (see arrows in figure b). If there is no trend (as in figure a), then 

fitting a trend underestimates the true random variation in the data. If the observed trend is real, 

then the second scenario (figure b) overestimates the random variation in the data. 
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We also considered scenarios in which the trend was either consistent or 

variable among orchards so that we could explore the effects on power of variability 

among orchards in the trends in soil quality indicators, due to factors such as soil 

type and/or other land management practices or systems on orchards. Estimates of 

the orchard-to-orchard variation in the trend were obtained by fitting a variance-

estimation model to the ARGOS soil monitoring data that included an overall trend 

over time (the small-variation scenario above), but also allowing that trend to vary at 

random between orchards. The variance in the observed orchard-to-orchard trends 

was used for our simulations of orchard-to-orchard variation in the red-alert trend. 

We used a Bayesian modelling approach to quantify these spatial and temporal 

measures of variance in the kiwifruit sector (Appendices 1 and 2). 

Red-alert trends in soil quality (at the industry level) were simulated for each 

of the six focal indicators in the kiwifruit sector over a 25-year period under four 

different scenarios (Box 7) each defined by one of the following assumptions: 

A. Variance (fluctuation) around the red-alert trend was smalli and the trend was 

consistent among orchards (i.e. all orchards follow the same trend). 

B. Variance around the red-alert trend was smalli and the trend varied among 

orchards (i.e. each orchard followed its own trend trajectory but on average they 

followed the red-alert trend). 

C. Variance around the red-alert trend was largeii and the trend was consistent 

among orchards. 

D.  Variance around the red-alert trend was largeii and the trend varied among 

orchards. 

 

The likelihood of detecting the simulated ‘red-alert’ trends was then tested for 

each of the target indicators (Box 5; Appendices 1 and 2). Field sampling was 

assumed to follow the existing ARGOS survey design (i.e. the nested survey design 

outlined in Box 4). To assess the effect of changing the frequency and timing of 

sampling events (field surveys), we varied the number of sampling events and the 

interval between them (2, 5 and 10 years). 

                                                

i This was calculated using the error sample variance from the corresponding ‘trend’ variance-estimation model (see 

Appendices 1 and 2). 
ii This was calculated using the error sample variance plus variance due to time (i.e. time was specified as a random effect) 

from the ‘no trend’ variance-estimation model (see Appendices 1 and 2). 
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Box 7: Examples of red-alert decline trends simulated assuming four different 

temporal variance scenarios 
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Power depends on red-alert trend characteristics – results of our analyses 

Assuming the variance around the real red-alert trend for soil indicators is 

small and the trend consistent or variable among orchards (Scenarios A and B in 

Box 7), the current ARGOS survey design should be able to detect trends as large 

as a red-alert accurately 95% of the time (see specifications for individual target 

indicators in Box 5). Assuming that sampling occurred every 2 years under these 

scenarios, there was a 95% chance that the red-alert would be detected within 4 

years (or two sample events) for all variables except Olsen P, where three or five 

sample events were required for a consistent or variable trend among orchards, 

respectively (Table 2; Figs 1–6). Sampling at greater intervals (5 and 10 years) under 

scenarios A and B produced similar power to sampling at 2-year intervals; however, 

it took longer to detect the red-alert trend due to the longer sampling intervals. 

The power to detect a red-alert trend was considerably reduced for most soil 

indicators when the trend was allowed to vary among the orchards and the variation 

around the simulated trend was large (D in Box 7); if sampling occurred every 

2 years under this scenario, the current ARGOS survey design would be able 

accurately detect a red-alert trend within 10–25 years for all variables, except 

available mineralisable nitrogen and pH, where it should be feasible within a 4-year 

and 10-year period, respectively (Table 2; Figs 1–6). Power at greater sampling 

intervals (5 and 10 years) was comparable to sampling at 2-year intervals except 

under scenario D when it was reduced at the higher intervals for carbon and pH. 

Overall, the power was lowest (<70%) for all indicators when the trend was 

consistent among orchards but the variance around it was large (C in Box 7), with 

the ARGOS survey design unable to accurately detect a red-alert trend within a 25-

year period, even if sampling occurred every 2 years (Table 2; Figs 1–6). 
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Table 2: Minimum duration (years) of a monitoring scheme (using the current ARGOS survey design) required to be 80% or 60% sure of 

detecting a decline at least as fast as a red-alert trend (Box 5) using three different sampling intervals (2, 5 or 10 years) for six target soil 

indicators actually declining at the red-alert rate, assuming four different temporal variance scenarios (Box 7). 

Power  Red-alert trend scenario AMN* Bulk density Carbon Nitrogen Olsen P pH 

  2-yr 5-yr 10-yr 2-yr 5-yr 10-yr 2-yr 5-yr 10-yr 2-yr 5-yr 10-yr 2-yr 5-yr 10-yr 2-yr 5-yr 10-yr 

                    

80% A. Stable, consistent among orchards 2 5 10 2 5 10 2 5 10 2 5 10 4 5 10 2 5 10 

 B. Stable, variable among orchards 2 5 10 2 5 10 2 5 10 2 5 10 8 10 10 2 5 10 

 C. Unstable, consistent among orchards >25 >25 >25 >25 >25 >25 >25 >25 >25 >25 >25 >25 >25 >25 >25 >25 >25 >25 

 D. Unstable, variable among orchards 4 5 10 24 25 >25 20 >25 >25 24 >25 >25 >25 >25 >25 10 15 20 

                    

60% A. Stable, consistent among orchards 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 

 B. Stable, variable among orchards 2 5 10 2 5 10 2 5 10 2 5 10 4 5 10 2 5 10 

 C. Unstable, consistent among orchards 2 5 10 c. 6 10 >25 >25 >25 >25 >25 >25 >25 8 10 10 2 5 10 

 D. Unstable, variable among orchards 2 5 10 2 5 10 6 5 10 6 5 10 12 15 20 2 5 10 

*Available mineralisable nitrogen 
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Figure 1: Power for detecting a red-alert trend in available mineralisable nitrogen in relation to the year of 

sampling and varying the interval between sampling events (2, 5 or 10 years) under four scenarios (Box 

7) that assumed either (a) variance around the red-alert trend was small and the trend consistent among 

orchards, (b) variance around the red-alert trend was small and the trend varied among orchards, (c) 

variance around the red-alert trend was large and the trend was consistent among orchards, or (d) 

variance around the red-alert trend was large and the trend varied among orchards. 
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Figure 2: Power for detecting a red-alert trend in bulk density in relation to the year of sampling and 

varying the interval between sampling events (2, 5 or 10 years) under four scenarios (Box 7) that 

assumed either (a) variance around the red-alert trend was small and the trend consistent among 

orchards, (b) variance around the red-alert trend was small and the trend varied among orchards, (c) 

variance around the red-alert trend was large and the trend was consistent among orchards, or (d) 

variance around the red-alert trend was large and the trend varied among orchards. 
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Figure 3: Power for detecting a red-alert trend in carbon in relation to the year of sampling and varying 

the interval between sampling events (2, 5 or 10 years) under four scenarios (Box 7) that assumed either 

(a) variance around the red-alert trend was small and the trend consistent among orchards, (b) variance 

around the red-alert trend was small and the trend varied among orchards, (c) variance around the red-

alert trend was large and the trend was consistent among orchards, or (d) variance around the red-alert 

trend was large and the trend varied among orchards. 
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Figure 4: Power for detecting a red-alert trend in nitrogen in relation to the year of sampling and varying 

the interval between sampling events (2, 5 or 10 years) under four scenarios (Box 7) that assumed either 

(a) variance around the red-alert trend was small and the trend consistent among orchards, (b) variance 

around the red-alert trend was small and the trend varied among orchards, (c) variance around the red-

alert trend was large and the trend was consistent among orchards, or (d) variance around the red-alert 

trend was large and the trend varied among orchards. 
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Figure 5: Power for detecting a red-alert trend in Olsen phosphorus in relation to the year of sampling 

and varying the interval between sampling events (2, 5 or 10 years) under four scenarios (Box 7) that 

assumed either (a) variance around the red-alert trend was small and the trend consistent among 

orchards, (b) variance around the red-alert trend was small and the trend varied among orchards, (c) 

variance around the red-alert trend was large and the trend was consistent among orchards, or (d) 

variance around the red-alert trend was large and the trend varied among orchards. 
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Figure 6: Power for detecting a red-alert trend in pH in relation to the year of sampling and varying the 

interval between sampling events (2, 5 or 10 years) under four scenarios (Box 7) that assumed either (a) 

variance around the red-alert trend was small and the trend consistent among orchards, (b) variance 

around the red-alert trend was small and the trend varied among orchards, (c) variance around the red-

alert trend was large and the trend was consistent among orchards, or (d) variance around the red-alert 

trend was large and the trend varied among orchards. 
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CONSIDERING ALTERNATIVE MONITORING DESIGNS 

Here we investigate the effect of modifying the ARGOS soil monitoring 

design, with the aim of identifying an optimal design for accurately detecting an 

industry-level red-alert trend in soil quality, while minimising the risk of a false alarm. 

More specifically, we examine the effect of varying the total sampling effort employed 

per sampling event for two monitoring designs (see Tables 3 and 4): 

1. ARGOS design: assumed the ARGOS design was maintained but the total 

sampling effort employed per sampling event was either equivalent to, two-thirds 

of, or one-half of the current ARGOS design. 

2. New-sites design: assumed the ARGOS design was implemented but a new 

(unique) set of randomly-selected orchards sampled at each sampling event; the 

total sampling effort employed per sampling event was either equivalent to, two-

thirds of, or one-half of the current ARGOS design. 

These monitoring designs were tested using simulated datasets that were 

derived from the scenario where variance around the trend was considered small but 

trends varied among orchards (Scenario B in Box 7). Sampling was assumed to 

occur at 2-yearly intervals. 

 

Trade-offs in alternative survey designs 

Assuming the ARGOS design was implemented but the sampling effort was 

halved (n = 18 orchards), the power to detect the red-alert trends was high (>0.8) for 

four of the six soil indicators after 2 years and for nitrogen after 4 years (Fig. 7). 

Acceptable power (>0.8) was never attained over a 25-year sampling period for 

Olsen P. These results suggest that the existing sampling effort is the minimum effort 

required to monitor all of the soil variables in order to detect changes in the soil 

nutrient trends equal to the red-alert levels described in Box 5. 

Orchard turnover (new-sites design) strongly decreased the short-term 

predicted power of the design to detect red-alert trends for all nutrients (Fig. 7). This 

pattern highlights the gains in statistical power that are made by repeatedly sampling 

the same orchards when there is variation between orchards in their soil nutrient 

trends. Note that the levels of variation between orchards used in these simulations 

is realistic, having been estimated from the field data collected in the ARGOS study, 

Interestingly, over the longer term, predicted power was as high or higher (after 14 

years for Olsen P) when new orchards were sampled at each sampling event. This 

suggests that the standard ARGOS design does not sample enough orchards to 

adequately estimate the orchard-to-orchard variation in Olsen P. 
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Table 3: Schematic specifications66 for two monitoring designs considered for evaluating soil quality indicators on orchards (see Table 4 for more information). 

SAMPLING 
DESIGN 

ORCHARD 
SET TIME PERIOD (YEARS) 

 0 2 4 6 8 10 12 14 16 18 20 22 24 

 
 

ARGOS 
DESIGN 

1 X X X X X X X X X X X X X 

 
 

NEW-SITES 
DESIGN 

1 X 
            

2 
 

X 
           

3 
  

X 
          

4 
   

X 
         

5 
    

X 
        

6 
     

X 
       

7 
      

X 
      

8 
       

X 
     

9 
        

X 
    

10 
         

X 
   

11 
          

X 
  

12 
           

X 
 

13 
            

X 

 

Table 4: Alternative monitoring designs considered for measuring red-alert trends in soil quality at the industry level in the kiwifruit sector, where datasets were 

simulated assuming the variance around the trend was small but trends varied among orchards (Scenario B in Box 7). ‘Orchard turnover’ indicates the frequency that 

the set of orchards subject to sampling was changed (see examples in Table 3). ‘Sampling effort’ was either equivalent to the original ARGOS survey design (n = 36 

orchards; see Box 3 for detailed description) or two-thirds (n = 24 orchards) or half (n = 18 orchards) the ARGOS design. 

Design Scenario Orchard turnover Sampling 

effort 

80% power to detect red-alert trend 60% power to detect red-alert trend 

  AMN* Bulk 
density 

Carbon Nitrogen Olsen 
P 

pH AMN Bulk 
density 

Carbon Nitrogen Olsen 
P 

pH 

ARGOS A1 No change 36 orchards 2 2 2 2 8 2 2 2 2 2 4 2 

 A2 No change 24 orchards 2 2 2 2 >25 2 2 2 2 2 6 2 

 A3 No change 18 orchards 2 2 2 4 >25 2 2 2 2 2 >25 2 

New-sites N1 Each sampling event 36 orchards 8 8 10 12 14 4 6 6 8 10 10 4 

 N2 Each sampling event 24 orchards 8 8 12 14 16 4 6 6 10 12 12 4 

 N3 Each sampling event  18 orchards 10 10 14 16 20 6 8 8 10 14 14 4 

*Available mineralisable nitrogen 
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Figure 7: Power for detecting a red-alert trend in (a) available mineralisable nitrogen, (b) bulk density, (c) 

carbon, (d) nitrogen, (e) Olsen P and (f) pH in relation to the sampling design scenario and the year of 

sampling (samples every 2 years). (Datasets were simulated assuming the variance around the trend was 

small but trends varied among orchards; Scenario B in Box 7.) Key:  existing ARGOS design; two-

thirds ARGOS;  half ARGOS;  existing ARGOS with orchard turnover; two-thirds ARGOS with orchard 

turnover;  half ARGOS with orchard turnover. 
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FUTURE CHALLENGES 

Thinking beyond the ‘red-alert’ alarm 

Overall, our analysis shows that the power to detect a red-alert trend in soil 

quality on orchards is dependent on the variance characteristics of the real red-alert 

trend. We recommend, therefore, applying the precautionary principle (i.e. industry 

assumes the high-variance scenarios reflect the real trends) and maintaining the 

current frequency of soil surveys within the kiwifruit sector, following the current 

ARGOS survey design, for at least another 6-year period. This approach would have 

the following clear advantages: 

1. Providing more robust measures of fluctuations in soil quality over time (as 

the current measures of inter-annual variation are potentially crude, with data 

only available from three sampling events), to allow the industry to more 

effectively discriminate a real trend from a false one (e.g. Box 2). 

2. Facilitating the timely identification of trends in soil indicators so that remedial 

action can be implemented before large changes have taken place, which 

would otherwise be costly and difficult to reverse. 

3. Testing the feasibility of detecting more subtle changes in soil quality at the 

industry level and at finer spatial scales. These could inform more powerful 

model building to predict farm outputs or examine consequences of different 

choices in soil nutrient management rather than just treating it as a monitoring 

framework: 

a. To measure differences in trends among different management panels 

to determine, for example, if organic growers are running down their 

soil quality more than integrated management growers or vice versa. 

b. To measure trends within orchards to determine, for example, (i) the 

optimum soil quality measures for maximising production/dry 

matter/profit, or (ii) target zones for soil nutrient management. 

 

Assuming that our best-case scenario (where variance around the trend is 

assumed to be small and the trend consistent among orchards) is a true reflection of 

real trends in soil quality in New Zealand’s kiwifruit orchards, it looks likely that the 

ARGOS sampling design will have high power to detect a red-alert trend at the 

industry level for all indicators. If this is the case, the industry will be well positioned 

to safeguard soil quality, an important ecosystem service for kiwifruit production. At 

the same time, this result highlights the potential for detecting much more subtle 

changes in soil quality to inform management at much finer spatial scales (e.g. 

comparing trends between different management systems or responses to targeted 

management actions within orchards). 
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Informing the New Zealand Sustainability Dashboard design  

The development of a sustainability assessment and reporting tool, the New 

Zealand Sustainability Dashboard, was recently initiated for multiple primary industry 

sectors within New Zealand; this initiative is being led by ARGOS. It will combine 

internationally recognised frameworks and their key generic sustainability 

performance indicators (KPIs), with a subset of complementary KPIs developed 

specifically for New Zealand and participating sectors. Farmers’ performance will be 

scored across economic, social and environmental dimensions of food and fibre 

production. This information will not only allow overseas consumers to benchmark 

and verify the sustainability credentials of goods exported from New Zealand, but will 

also enable New Zealand industries and farmers to self-regulate their performance. 

Testing the accuracy and statistical reliability of the candidate KPIs is an important 

aspect of the Sustainability Dashboard design. This will include: 

 Establishing clear monitoring objectives, with meaningful threshold points for 

KPIs to enable a robust assessment of the status and trends of KPIs. Here, for 

example, a red-alert threshold would indicate breaching regulatory limits or codes 

of practice, an amber one would highlight that performance is adequate but with 

scope for improvement, and a green signal would show best practice. 

 Testing the power of the monitoring design to report on status and trend of 

individual KPIs at different temporal and spatial scales (i.e. examining the 

feasibility of meeting multiple reporting requirements); this will require adapting 

the power analysis approach presented in this report to accommodate other 

environmental KPIs, as well as economic, social and production KPIs. This is 

important because the scale, design and intensity of sampling and the types of 

data collected will vary among the KPIs. For example, detecting changes in 

categorical data (e.g. information collected using an ordinal scale to classify 

performance: excellent, good, poor) will potentially be less sensitive to change 

relative to indicators measured on a continuous scale (e.g. soil pH). These 

analyses will be used to prescribe the optimal scale, design and intensity of 

sampling required to cost-effectively detect deleterious trends or critical 

thresholds in performance indicators scored by producers themselves. 

 Determining the minimum set of cost-effective methods required for reliable 

sustainability assessment; this will require an integration of KPIs to determine the 

optimal monitoring design to support multi-functional reporting. 

 Developing processes for independent KPI audits to ensure the sustainability 

assessments are robust, thus allowing overseas consumers and regulatory 

bodies to verify the reliability of the information provided. 
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APPENDIX 1: Power simulations 

We partitioned the variance in the soils data into different components (time, 

cluster, orchard, block, etc.) that were then used to simulate new soils data 

incorporating a ‘red-alert’ trend. We generated these variance estimates by fitting a 

separate linear mixed-effects model to the data (‘variance-estimation model’) for 

each variable, using Bayesian techniques. Bayesian model fitting assumes that all 

parameters in the model are random variables with their own distributions. The 

objective of the model-fitting process was to simulate these distributions, such that 

summary statistics (mean, standard error, etc.) for each parameter could be 

calculated. We then simulated new data incorporating a red-alert trend (‘RATr-

simulation model’) using the variance components estimated in the variance-

estimation models. Using this framework to simulate new data for power analyses 

ensures that the uncertainties in the estimates of the variance components are fully 

reflected in the simulated data. Finally, we fitted statistical models (‘power-estimation 

models’) to the simulated data to determine the probability of successfully detecting 

a red-alert trend given that it is present. 

Variance-estimation models 

We took two approaches to account for time-dependent variation in the soil 

variables when estimating the variance components for the power simulations. In the 

first approach we modelled changes in the soil variables (Y) over time as a linear 

trend: 

𝑌 = 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 +  𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛 ∗ 𝑀𝑎𝑛𝑎𝑔𝑒𝑚𝑒𝑛𝑡 ∗ 𝑌𝑒𝑎𝑟 + 𝐶𝑙𝑢𝑠𝑡𝑒𝑟/𝑂𝑟𝑐ℎ𝑎𝑟𝑑/𝐵𝑙𝑜𝑐𝑘/𝑆𝑖𝑡𝑒 + 𝑂𝑟𝑐ℎ𝑎𝑟𝑑: 𝑌𝑒𝑎𝑟 + 𝐸𝑟𝑟𝑜𝑟 (1) 

This mixed-effects model incorporated sample location (2 levels: between 

rows and within rows), management (conventional ‘Green’, organic ‘Green’, ‘Gold’), 

an annual trend across years and all 2- and 3-way interactions as fixed effects 

(Location × Management × Year). We included ‘cluster’, ‘orchard’ nested within 

‘cluster’, ‘block’ nested within ‘orchard’, and ‘site’ nested within ‘block’ as random 

effects (Cluster/Orchard/Block/Site). We also fitted a separate annual trend for each 

orchard (Orchard:Year interaction). This represented our least conservative 

scenario; it assumed any linear relationships detected were real and the systematic 

variation due to them was removed (i.e. was not reflected in the simulated data). In 

this approach, any time-dependent variation that could not be modelled by a linear 

trend went into the error variance (and was later used to simulate variation in the 

new datasets). 

In the second approach, we modelled year of sampling as the categorical 

random effect ‘time’ (i.e. a separate intercept term for each year, rather than a slope 

as in the previous model): 

𝑌 = 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 +  𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛 ∗ 𝑀𝑎𝑛𝑎𝑔𝑒𝑚𝑒𝑛𝑡 + 𝐶𝑙𝑢𝑠𝑡𝑒𝑟/𝑂𝑟𝑐ℎ𝑎𝑟𝑑/𝐵𝑙𝑜𝑐𝑘/𝑆𝑖𝑡𝑒 + 𝑇𝑖𝑚𝑒 + 𝐸𝑟𝑟𝑜𝑟 (2) 
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This approach recognised that the data came from only three separate time 

periods, and that it was possible that a trend could be observed in data from a 

sample of a population that fluctuates around a constant mean. If this was the case 

then describing that fluctuation with a trend line would lead to an underestimate of 

the variance components used in the power simulations, and an overestimate of the 

power. Using this second approach, the data that we simulated for the power 

calculations included all time-dependent sources of variation as time-specific noise. 

Specific details of the models and model fitting are given in Appendix 2. 

 

Model fit of variance-estimation models 

All models provided very good fits to the data as measured by Bayesian r2 

(Table S2). 

 

Table S2. Summary of variance estimation model fits (using Bayesian r2) 67 

Soil variable Model Bayesian r2 

AMN* Trend 0.811 
 No trend 0.749 
Bulk density Trend 0.879 
 No trend 0.863 
Carbon Trend 0.860 
 No trend 0.839 
Nitrogen Trend 0.864 
 No trend 0.854 
Olsen P Trend 0.829 
 No trend 0.753 
pH Trend 0.821 
 No trend 0.741 

*Available mineralisable nitrogen 

 

The observed soil variable patterns were similar between the trend and no-

trend variance-estimation models (Figs S1 and S2 respectively). Levels of available 

mineralisable nitrogen, carbon and nitrogen were lower within rows than between 

rows. Olsen P was higher within rows that between rows. Only bulk density and pH 

showed differences between and within rows that were dependent on management 

system. pH was slightly higher within rows in organic ‘Green’ orchards and lower 

within rows in ‘Gold’ orchards compared with conventional ‘Green’ orchards. Bulk 

density within rows was slightly lower in organic ‘Green’ orchards than in the other 

management types. Carbon and nitrogen were both higher, and bulk density lower, 

in organic ‘Green’ and ‘Gold’ orchards than conventional ‘Green’ orchards. Available 

mineralisable nitrogen was also higher in organic ‘Green’ orchards than under the 



 

35 

An evaluation of ARGOS soil monitoring on kiwifruit orchards 

other management systems. For the trend model, positive trends were observed in 

carbon and nitrogen over time. For nitrogen between rows, the trend-over-time’s 

95% credible intervals (0.0097–0.0161) indicate that nitrogen is increasing faster 

than the red-alert trend (0.0088, specified in Box 5). Overall, bulk density declined 

over time. 

The key variance estimates defining the variance scenarios are shown in 

Table S2. For bulk density and pH, the median variance estimates for the ‘small-

variance’ (σ2
trend) and ‘large-variance’ (σ2

notrend + σ2
time) scenarios are identical. For 

available mineralisable nitrogen, the median variance components in the ‘small-

variance’ scenario are marginally smaller than for the ‘large-variance’ scenario. For 

the remainder of the soil variables (carbon, nitrogen and Olsen P), the median 

variance estimates in the ‘large-variance’ scenario are 1.6 to 3.5 times larger than 

the ‘small-variance’ scenario. The variance estimate for orchard-to-orchard variation 

in the slope of the trend is relatively small by comparison with the main variance 

components (range 0–3.8% of the main component in the ‘small-variance’ 

scenarios). 
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Figure S1: Median parameter values (○) and 95% credible intervals (horizontal lines) of the fixed effects 

from the variance-estimation trend models for each of the six soil variables. * indicate 95% CI that do not 

overlap zero (i.e. are ‘significant’). Parameter values of factors (location and management) give the 

effects relative to a baseline level. For location within a block, the baseline is between-row samples. For 

management, the base level is A (conventional ‘Green’ kiwifruit). Key: Pos.WR (sampling location is 

within rows); Mgmt.B (organic ‘Green’ kiwifruit block); Mgmt.C (‘Gold’ kiwifruit block); Year describes the 

linear trend over time. ‘:’ indicates an interaction effect between variables (e.g. Pos.WR:Year is the 

difference in trend between the average year effect and the year effect within rows). AMN is available 

mineralisable nitrogen. 
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Figure S2: Median parameter values (○) and 95% credible intervals (horizontal lines) of the fixed effects 

from the variance-estimation no-trend models for each of the six soil variables. * indicate 95% CI that do 

not overlap zero (i.e. are ‘significant’). Parameter values of factors (location and management) give the 

effects relative to a baseline level. For location within a block, the baseline is between-row samples. For 

management, the base level is A (conventional ‘Green’ kiwifruit). Key: Pos.WR (sampling location is 

within rows); Mgmt.B (organic ‘Green’ kiwifruit block); Mgmt.C (‘Gold’ kiwifruit block). ‘:’ indicates an 

interaction effect between variables (e.g. Mgmt.B:Pos.WR describes how the within-row effect in organic 

‘Green’ kiwifruit blocks differs from the overall within-row effect). AMN is available mineralisable 

nitrogen. 
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Table S2: Median variance component estimates from the variance estimation models (95% credible intervals). 

Soil variable No trend model     Trend model    

 σnotrend σ2
notrend  σyear σ2

year σ2
notrend + σ2

year σtrend σ2
trend σorchtrend σ2

orchtrend 

AMN 0.173 (0.161–0.187) 0.03 0.029 (0.001–0.829) 0.001 0.031 0.199 (0.186–0.215) 0.040 0.035 (0.025–0.049) 0.001 

Bulk density 0.022 (0.021–0.024) 0 0.024 (0.007–0.443) 0.001 0.001 0.024 (0.022–0.026) 0.001 0.004 (0.003–0.006) 0 

Carbon 0.563 (0.513–0.718) 0.317 0.670 (0.197–6.251) 0.449 0.766 0.588 (0.549–0.634) 0.346 0.101 (0.072–0.140) 0.01 

Nitrogen 0.047 (0.044–0.051) 0.002 0.069 (0.020–1.420) 0.005 0.007 0.049 (0.046–0.053) 0.002 0.009 (0.007–0.012) 0 

Olsen P 0.198 (0.184–0.214) 0.039 0.227 (0.057–3.380) 0.051 0.090 0.238 (0.222–0.256) 0.056 0.050 (0.038–0.068) 0.002 

pH 0.135 (0.125–0.145) 0.018 0.092 (0.011–2.247) 0.008 0.026 0.162 (0.151–0.174) 0.026 0.037 (0.028–0.050) 0.001 

*Available mineralisable nitrogen 
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RATr-simulation models 

To estimate the power of the different sampling designs, 1000 datasets were 

simulated for each design using different RATr-simulation models. The RATr-

simulation models were mathematical expressions specifically used to create the 

simulated data. The values of the parameters in the RATr-simulation models were 

obtained from the two variance-estimation models (trend and no trend) fitted to the 

soil nutrient data, and incorporated the red-alert trend. All RATr-simulation models 

followed the general form: 

Y = Location ∗ Management + Red alert trend + Cluster/Orchard/Block/Site + Var + Error (3) 

with the ‘Var’ component changing between models (Table S3). RATr-simulation 

models A to D were used to evaluate the existing ARGOS design (i.e. the number of 

clusters, properties, and blocks was as per the existing sampling scheme), under 

various assumptions about the nature of the variance in the data. We generated 

model E and used it to evaluate the alternative designs where we varied the 

sampling intensity and the replacement of orchards during each sampling event. 

Table S3. RATr-simulation models and the variance-estimation models used to estimate the variance 

components for the simulated datasets 

RATr-simulation 
model 

Variance-estimation 
model 

Between-orchard 
variance in red-alert 
trend† 

Variable component 
(‘Var’ in equation 3) 

Evaluating the existing design   

A Trend No – 

B Trend Yes Orchard-specific trend  

C No trend* No Time  

D No trend* Yes Orchard-specific trend + Time  

    

Evaluating alternative designs‡   

E Trend Yes Orchard-specific trend  

* Simulated variance included the time-variance component estimated in the no-trend model. 
† Variance estimated from orchard-specific slope random effect in the trend model. 
‡ Designs included full, two-thirds and half ARGOS sampling effort and repeated sampling of the same orchards 

compared with selecting new orchards at each sampling period. 

 

All RATr-simulation models assumed the fitted main effects and interaction for 

location within blocks and management (location × management). In addition, we 

used the random-effects-variance components to simulate sites, nested within blocks 

nested within orchards nested within clusters (Cluster/Orchard/Block/Site). We 

assumed the error variance as estimated by the variance-estimation models. RATr-

simulation models C and D also included random variation due to the time of 

sampling, estimated from variance-estimation model equation 2. We simulated the 
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red-alert trend in two ways. For RATr-simulation models A and C, we assumed a 

fixed ‘red-alert’ trend across all of the simulations for each orchard. For RATr-

simulation models B, D and E, where the simulated red-alert trend was orchard-

specific, we assumed that the trend was drawn from a normal distribution, with mean 

equal to the ‘red-alert’ trend and standard deviation estimated from the orchard-

specific trend (Orchard:Year term) random effect from variance-estimation model 

equation 1. For evaluating the existing ARGOs design, we simulated data for a 

number of sampling scenarios in which the interval between samples and the length 

of time that sampling had been occurring were changed. For evaluating the 

alternative designs we varied the sampling effort (full, two-thirds, and half the 

ARGOS effort corresponding to 12, 8 and 6 clusters of 3 orchards respectively) and 

whether the same orchards were sampled each time or different orchards. 

To calculate the power, we fitted random-effects models (power-estimation 

models) to each simulated dataset, using maximum likelihood. For scenarios in 

which the same orchards were repeatedly sampled we fitted a power-estimation 

model equivalent to variance-estimation model 1 to the data (RATr-simulation 

models A–D and E with repeated measures, Table S3). The same power-estimation 

model, but without a specific orchard-level random effect, was fitted to scenarios in 

which the same orchards were not repeatedly sampled (RATr-simulation model E 

with new orchards for each sample, Table S1). The power for each scenario was 

estimated as the proportion of the simulations in which a significant trend was 

detected and that this trend was not significantly smaller than a red-alert trend (both 

at statistical significance level α = 0.05). 
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APPENDIX 2: Description of the Bayesian variance-estimation models 

The trend variance-estimation model 

We modelled the ith soil observation, at the mth site in the nth position nested 

within block l, within the kth orchard, within the jth cluster, under the pth management 

type (Yijklmnp) according to the following equation: 

Yijklmnp ~ N(µijklmnp, σ2)  

where σ2 is the error variance 

µijklmnp = β0 + β1n + β2p + β3np+xi(β4+ β5n + β6p+ β7np + α5k ) + α1j + α2k + α3kl + α4klm (4) 

The model terms are as follows: β0 is the intercept term; β1n is the effect of the 

position within block relative to the between-rows position (within rows or between 

rows); β2p is the effect of pth management type (‘Green’, ‘Gold’ or organic ‘Green’) 

relative to the gold type; β3np describes how position n varies according to 

management type p; β4 is the overall mean trend with year (xi); β5n describes how 

the trend varies depending on position within block; β6p describes how the trend 

varies depending on management type; β7np describes how the position-dependent 

trend varies with management type; α1j is the effect of cluster j; α2k is the effect of 

orchard k; α3lk is the effect of block l nested with orchard k; α4klm is the effect of site m 

nested within block l and orchard k; α5k. describes how the average trend varies with 

orchard k. 

We assumed uninformative Bayesian priors for all parameters. Specifically the 

β were assumed ~N(0, 106), the αv assumed ~N(0, σv) with each σv ~U(0, 100). The 

prior distribution on σ was also assumed ~U(0, 100). 

The ‘no trend’ variance-estimation model 

The no-trend variance-estimation model differed from the trend model by 

excluding all of the year terms described in the trend model and modelling the qth 

time as an orchard-dependent categorical effect. Each soil variable (Yijklmnpq) was 

modelled according to the following equation: 

Yijklmnpq ~ N(µijklmnpq, σ2)  
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µijklmnp = β0 + β1n + β2p + β3np + α1j + α2k + α3kl + α4klm + α5q + α6kq   (5) 

The model terms are as described for the trend model, with the addition of α5q 

as the categorical effect of year q, and α6kq the categorical effect of year q dependent 

on orchard k. We assumed uninformative priors as per the trend model. 

Model fitting 

All variance-estimating models were fitted using jags v3.168, accessed from R 

(R Development Core Team 2012 http://www,R-project.org) using the package 

‘dclone’69. The models were run for 10 million iterations or until convergence. Model 

convergence was assessed using BGR plots and visual inspection of simulation 

traces. 
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