

  sustainability-14-01808




sustainability-14-01808







Sustainability 2022, 14(3), 1808; doi:10.3390/su14031808




Article



Using Soil Sustainability and Resilience Concepts to Support Future Land Management Practice: A Case Study of Mt Grand Station, Hāwea, New Zealand



Carol Smith 1,*[image: Orcid], Sadeepa Jayathunga 1,2[image: Orcid], Pablo Gregorini 1, Fabiellen C. Pereira 1 and Wendy McWilliam 3[image: Orcid]





1



Faculty of Agriculture and Life Sciences, Lincoln University, Lincoln 7647, Canterbury, New Zealand






2



Scion, Rotorua 3010, North Island, New Zealand






3



Faculty of Environment, Society and Design, Lincoln University, Lincoln 7647, Canterbury, New Zealand









*



Correspondence: carol.smith@lincoln.ac.nz







Academic Editor: Anastasios Michailidis



Received: 29 December 2021 / Accepted: 29 January 2022 / Published: 5 February 2022



Abstract

:

Soil acts as the integrator of processes operating within the biological and hydrological landscapes and responds to external disturbances and processes on varying time scales. The impact of any change results in a corresponding response in the system; which is dependent on the resistance of the soil system to the disturbance. Irreversible permanent change results when the soil system shifts over a threshold tipping point; with the soil system experiencing a regime shift with associated structural and functional collapse. Climate change is the most important external disturbance or stressor on these systems due to changes in precipitation, temperature and moisture regimes. Our research at Mt Grand is focused on approaches to increasing land use resiliency in the face of environmental change. Our purpose is to select and apply soil quality indices which can be used to assess soil resilience to external disturbance events for Mt Grand Station in New Zealand. We will identify biophysical variations and landscape drivers in soil resilience; and use these results to match land management practices with variations in soil resilience. For example, soils with low resilience will only have land management practices that have a low impact on the soil resource. We selected soil attributes that represented indicators of resistance, used to quantify the capacity of a soil to recover its functionality. We mapped this soil resilience framework against a national database of soil and landscape attributes for Mt Grand Station. The output from this research is to posit a conceptual framework of soil quality indices which relates to soil resilience, and thus to create a spatial map of soil resilience for Mt Grand Station.






Keywords:


soil; soil resilience; regime shift; soil resistance; soil quality indices; soil quality; bioindicators












1. Introduction


While pastoralism provides food, fibre and economic return, it can also transform landscapes by wide ranging impacts—ranging from ecosystem biodiversity, changes in water quantity and quality and soil erosion. Understanding ecosystem change in response to these grazing impacts is vital to contribute to a wider discourse on how future pastoral production systems can be truly sustainable.



Soil ecosystem services underpin much of the functionality and productivity of the terrestrial landscape; the biodiversity of the soil flora and fauna, and the pasture impact of the grazing herbivores. The ability of the soil to recover from external stressors such as climate change, will allow soils to be a major part of a more resilient ecosystem, and hence provide the basis for a more sustainable, multifunctional pastoral system.



Soils exist at the interface of the biosphere, hydrosphere, lithosphere and atmosphere. They act to integrate the processes operating within these spheres by responding to external disturbances and processes on varying spatial and temporal scales. Change in a biophysical system is the result of movement over a threshold tipping point. The impact of any change is manifested by the response of the system, and this in turn is dependent on the resistance of the soil system to the disturbance. Climate change represents the external stressor with the potential to have a significant impact on terrestrial ecosystems and affect soil functions directly and indirectly [1,2,3,4]. Direct impacts include changes in precipitation, temperature and moisture regime, while indirect effects include adaptions in irrigation, tillage, crop and stock rotation management practices, and soil erosion [1,2,3,4]. The consequences of global climatic change are likely to be associated with changes in land use and land management. The IPCC Special Report on Climate Change and Land [5] addresses how a changing climate will increasingly affect how we use the land. On a holistic human ecosystem scale, soil represents the nexus of water, energy and food. If we rely on the soil (and therefore land) for food, energy, water, health and well-being, impacts of climate change will exacerbate any pressures of current land management practices.



Soil resilience is the “Capacity of the soil to recover its functional and structural integrity after a disturbance; where this integrity can be considered as soils capacity to perform essential soil functions” [6]. Ludwig et al. [7] noted that the ability to maintain the efficiency of function and the existence of that function could be taken as a measure of soil management sustainability. Thus we take soil sustainability in this context to be the maintenance of soil functional integrity. By this definition, it is multifunctional—being the “sum of the processes that sustain the soil system” [7]. From this we interpret that multiple factors define soil functional integrity.



The soils capacity to recover will thus be a function of the rate of recovery (time required) and degree (magnitude) of recovery. Disturbance events are those that result in a significant change in the ecosystem functioning, deviating from the normal pattern [8]. For agricultural systems, disturbances can be associated with tillage, cultivation, compaction, addition of fertilisers, monoculture resulting in exclusion of specific competing plant species [9]. On a global scale, disturbance events associated with climate change will result in drought-related impacts. Associated with soil resilience is the allied concept of soil resistance. This is the capacity of a soil to continue to function without change throughout a disturbance [10]. This can be further applied to the concept of sustainability: whereby soil resistance is the magnitude of the decline in the capacity of the soil to function and resilience is the rate of recovery [11,12].



The concepts of resilience, resistance and sustainability relate to soil quality. Soil quality can be defined as “the capacity of a specific kind of soil to function, within natural or managed ecosystem boundaries, to sustain plant and animal productivity, maintain or enhance water or air quality, and support human health and habitation” [6,13]. The attributes of a soil that define quality can be considered as the inherent properties as defined by the five factors of soil formation [14]. They can also be dynamic properties—a change in the soil function as influenced by human use and management of the soil. This soil functionality can be measured by reference to a baseline condition [15].



If resilience is the capacity to recover following an external disturbance, then resilience is actually a dynamic property. We can monitor the rate of recovery following such a disturbance event, but the recovery phase may be long-term and may not have baseline data available preceding the disturbance event [12]. The ability to measure disturbance mechanisms will also depend on the kinetics of the mechanisms. If the soil has high resilience, it is likely that the mechanisms can be measured; but if the soil has low resilience, the threshold (resulting in change to the system) has been crossed, and the soil has moved into a lower functional capacity [12]. An approach that has had some success is to measure indicators of resistance, which will quantify the capacity of a soil to recover its functionality. Selection of appropriate indicators is dependent on how it responds to a disturbance event. Potential indicators include many dynamic soil properties, including soil chemical (CEC, pH, SOM, exchangeable cations), biological (microbial activity, soil biodiversity) and physical (structure, soil water, microaggregates and stability, water retention and transmission) [9].



Orwin and Wardle [16] measured a series of biological indicators. They quantified the soil response to a number of experimental conditions, using wet-dry cycles and the effect on soil microbial biomass. They based their index of resistance on a measured difference between the control soil and the disturbed soil at the end of the disturbance. They noted that in order to compare the stability of different systems, its necessary to use indices that are a relative quantitative measure of both the resistance and resilience of a response variable. Increasingly, there has been a growing awareness that soil biological and microbial diversity is a vital component of soil functionality, and hence soil quality. The health of the biological component of the soil is crucial for soil resilience. Lehman et al. [17] posit that “soil health and resilience will rely on maintaining functionally diverse, robust soil biological communities that support high levels of critical services, simply by carrying out their life-sustaining processes.”



De Vreis et al. [18] examined the importance of soil biota and of their role in C and N cycling and resilience and resistance to external drivers like climate change. They showed that land use alters the stability of soil food webs, together with the ecosystem services they provide under conditions of an external disturbance event such as climate change. A fungal based food web (together with the C and N processes of loss it governs) in a grassland soil system was more resistant, but not resilient, and better able to adapt to drought, compared to the bacterial-based food web associated with a wheat soil system. They concluded that land use practices will strongly affect the resistance and resilience of food webs to climate change. Importantly, the resistance of the grassland food web was increased after the drought external disturbance, which may suggest that it can adapt to a changing climate.



When considering the wider positioning of soils in multifunctional pastoral systems, there is the need to consider the human, social and cultural dimensions, not just with respect to crop yield and food nutrition, but also with improving people’s connection to the soil resource [19]. Soil health builds on the concept of soil quality. Doran [13] frames it as “the continued capacity of a soil to function within ecosystem and land-use boundaries to sustain biological production, maintain environmental quality, and promote plant and animal health”. It portrays soil as a living, dynamic system whose functions are mediated by a diversity of living organisms that require management and conservation.



Soil quality is inherently complex, since it can be viewed through the agri-systems productivity lens and also the lens of natural ecosystems, where the emphasis is on maintaining environmental quality and the conservation of biodiversity [20]. Kibblewhite [21] reflects on soil health as a “fitness for agricultural production” perspective, whereby assessment is based on this end goal—measurement of agricultural yields and soil properties that control these particular outputs. While Bunemann [20] considers soil health and soil quality to be equivalent.



In New Zealand, soil health is predominantly viewed through the lens of crop yield and food nutrition, and emphasizes biophysical parameters over social dimensions. However, there is uncertainty around which biophysical indicators to use to support land management decisions. Baveye et al. [22] contend that we simply do not fully understand the complex interrelationships between all the soil components that influence soil functionality. Booth et al. [23] posit that because of this uncertainty, a more holistic approach, encompassing indigenous knowledge including Mātauraka Māori will allow us to address the question of how to increase the productivity of and improve the sustainability of soils [24]. There are a number of approaches to selecting attributes of soil to quantify soil resilience. Both Karlen et al. [6] and Ludwig et al. [7] note that soils have different components of resilience. At a deeper level, resilience is a function of both functional integrity and structural integrity. Structural integrity is based on intrinsic physical factors of the soil and the associated landscape. These parameters such as profile available water, and potential rooting depth are unlikely to change on a land management time scale. Biophysical factors such as slope angle and altitude are also important here, and again, are unlikely to change on similar land management timescales. Functional integrity is a more dynamic concept, comprising chemical and some physical parameters. These include soil pH, CEC, % carbon and P retention, conductivity, salinity. These parameters are more susceptible to change as a result of land management practices. Moreover, these soil attributes relate to the intrinsic properties of soils and landscapes themselves.



It follows therefore that there is a considerable range of soil properties that relate to determining soil quality, and that these change on varying temporal and spatial scales. Defining baseline values will allow an assessment of change in response to changes in land management practice. It is vital therefore that the selected attributes are sensitive enough to reflect the capacity of the soil to function as a biological entity, and can also indicate soil quality. Soil systems include both attributes that are inherently static (parent material, slope angle) and dynamic attributes which respond to management (pH, total C, Total N, stoniness) [25].



Resistant soil systems do not undergo change in response to external disturbances. Resilient soil systems demonstrate reversible, temporary change, but no change in functionality. However, irreversible permanent change results when the soil system shifts over a threshold tipping point; with the soil system experiencing a regime shift with associated structural and functional collapse. Ludwig et al. [7] encapsulated this concept of system responses to change by defining three levels of disturbance, and the associated system change (Table 1).



As soil is a multifunctional entity, it follows that a range of parameters or attributes that mirror the physical, chemical and biological components of the soil landscape nexus are used. These are already quantified in New Zealand within different databases, such as the New Zealand Land Resource Inventory (NZLRI) [26] and National Soil Database (NSD). In New Zealand, SINDI (Soil INDIcators) is a web-based tool designed to help interpret the soil health or soil quality of a sampled soil, by comparison to the NSD or soil quality dataset (www.sindi.landcareresearch.co.nz (accessed on 9 August 2021)). It also utilises the online database soils map for New Zealand. However, these indicators do not measure soil quality, per se, instead they measure attributes of a soil. For New Zealand, a minimum data set of 7 indicators were selected (Olsen P, pH, anaerobically mineralisable N, total C, total N, bulk density, macroporosity). From this minimum data set, principle components analysis identified 4 primary factors that describe the soil quality. These are: Olsen P (fertility status); pH (acidity status); anaerobic N, total N, total C (soil organic resources); and bulk density, macroporosity (physical status of the soil) [27].



While soil quality indices (SQI’s) have often been employed with regard to agricultural land use applications [28,29], they have been less so applied with regard to specific soil threats, soil functions and ecosystem services [20]. Moreover, these researchers note the value of also considering these latter indicators, as these are of vital importance to both land managers and policy makers. In the context of the wider research that is been carried out as part of the Centre of Excellence at Lincoln University (Designing Future Productive Landscapes), is the concept that soil quality raises the awareness of and enhances communication between stakeholders as to the importance of the soil as a resource [19,24].



The research we report here is part of a larger body of work revolving around designing future productive landscapes and productive agri-systems in order to investigate how to maximize viability of high-country farm production and service systems. Our wider research is endeavouring to identify production systems and services that Mt. Grand Station is capable of and able to sustainably support. At Mt Grand Station, there is spatial variability in biophysical factors such as aspect, climate, geology, soils and biodiversity. This biophysical landscape in turn is overlain by a managed landscape with differing pasture species, animal stock, soil nutrient management and ecological management.



We are seeking to understand how variations in soil resilience can assist land users to improve their land use and management decisions in support of current and future adaptation to environmental change driven by external stresses, such as climate change. This information will further our understanding of how to increase land use resiliency in the face of environmental change through improved matching of natural soil resilience with appropriate land use management. This research is especially relevant, given the economic, social and environmental impact that future climate change scenarios predict for pastoral ecosystems. As a first step, we will select and apply soil quality indices which can be used to assess soil resilience to external disturbance events for Mt Grand Station in New Zealand. The aim of the research reported here is to posit a conceptual framework of soil quality indices which relate to soil resilience; to create a spatial map of soil resilience for Mt Grand Station. The second stage of the research (not reported here) will be to apply models of future climate scenarios and compare to the soil resilience map.




2. Materials and Methods


2.1. Location and Geology


Mt. Grand station is located close to Lake Hāwea, Central Otago. (Figure 1a,b). The geology of Mt Grand station is dominated by basement rock of Rakaia Terrane, comprising Haast schist (consisting of schistose to non-schistose greywacke; well foliated, slightly segregated schist). The wider topography of the area consists of fault bounded intermontane basins containing Cenozoic sediments, bounded by uplifted mountain ranges of Rakaia Terrane. The Haast schist can be seen on Mt Grand station as exposed bedrock and rocky peaks. Following separation of the New Zealand subcontinent (Zealandia), from Gondwana approximately 80 Ma, the Haast schist was progressively eroded during the late Cretaceous to early Miocene to form the time-transgressive, Waipunamu erosion surface. This wave-cut, planar surface was subsequently overlain by Cenozoic sediments of marine and terrestrial origin and subsequently uplifted during the Kaikōura Orogeny [30].



During the Pleistocene, the Upper Clutha Valley area was extensively glaciated, with glaciers flowing in a north to north-west direction along valleys now occupied by the present day Lake Wanaka and Lake Hāwea. The oldest glacial deposits date to Q14–16 (approximately 620–660 ka). The southern extent of Lake Hāwea is bounded by hummocky moraine, dating to Q2. Holocene colluvial and alluvial fans (Q1) are present along the margins of the intermontane basins [31].




2.2. Soils


The soils in the intermontane basins are dominated by glacial sediment parent materials comprising moraines and outwash gravels. Adjacent to the uplifted basement Haast schist, soils are developed on Holocene colluvial and alluvial fans, terraces and floodplains. On the steeper slopes at higher elevation, soils are developed on the Haast schist. In places, loess provides cover to varying depths over the schist [32,33]. On steeper slopes, the Haast schist bedrock is exposed.



Soils in this area have been mapped during the South Island 4 mile survey [33] and the Upper Clutha survey [32]. Soil information for Mt Grand was derived from S-map and the National Soil Database. The soils were classified using the NZ soil classification [34]. The upland slopes developed on the schist bedrock comprises orthic Brown and acid Brown soils. Where loess covers the schist, immature Pallic and argillic Pallic soils occur. On shallow and close to exposed bedrock at high elevation, rocky Raw soils occur (Figure 2). There are small areas of soils developed on colluvial fan material at lower elevations. There is a strong relationship between the soil and landscape, which is summarised in Table 2.



S-Map is Manaaki Whenua Landcare Research’s ongoing project to map New Zealand’s soil resources at a nominal 1:50,000 scale. As of August 2021, S-Map coverage stood at 37.1% of New Zealand. More than two-thirds (67.7%) of New Zealand’s multiple use land (LUC 1–4: horticulture, cropping, and intensive pasture systems) has been covered by S-Map, but less than a quarter for the other land use classes (LUC 5–8: extensive pasture/forestry and conservation) have been covered. Coverage varies greatly between regions, reflecting the availability of legacy surveys at an appropriate scale and the degree of investment by different regional councils in soil mapping. Waikato (72%), Bay of Plenty (59%) and Canterbury (46%) are the regions with highest S-Map coverage. S-Map brings together data from both existing surveys, combined with new surveys. Where soil property information is not directly available, soil properties are inferred, using an inferencing engine. The S-Map project is thus a key component in supporting sustainable development and scientific modelling within New Zealand (https://soils.landcareresearch.co.nz/ (accessed on 9 August 2021)).




2.3. Soil Attributes to Use to Define Soil Resilience and Soil Sustainability


Soil attributes that contribute to soil structural and functional integrity are key to help our understanding and ability to quantify soil resilience in response to disturbance events. In S-map, these attributes include data on the New Zealand Soil Classification (NZSC) Order, Group, Subgroup; parent material; rock class; texture; permeability; depth class; drainage; rooting depth and profile available water. S-map accounts for less than a quarter of the land use classes 5–8 (extensive pasture/forestry and conservation, including hill and high-country areas, such as Mt Grand Station). However, there is a wider spatial coverage of soil attributes in New Zealand, called soil Fundamental Data Layers (FDL). These cover three broad areas as defined in Table 3 and originate from an expert derived joining together of attributes from the NZLRI and the NSD (https://soils.landcareresearch.co.nz/ (accessed on 9 August 2021)). As these FDLs contain spatial information for these 16 key soil attributes, they are measurable and are used in modelling in New Zealand for soil and resource management related research. They are a nationally recognized and accepted grouping of attributes. They were created by the informatics team at Manaaki Whenua Landcare Research, the Crown Research Institute with responsibility for soil resource mapping and related informatics.



In addition to the soil FDL in Table 3, there are other attributes from the NSD that are of value, which we used to derive our soil resilience attributes. These include attributes of the physical landscape derived from the NZLRI and those that contributed to functional integrity and to structural integrity.



We selected the attributes from Table 3, plus altitude, slope and erosion severity class, conductivity, particle size and depth to slowly permeable horizon. For each attribute, we defined according to the classes high (1), medium (2) and low (3) resilience. We used the approach of Webb and Wilson [35] in their evaluation of rural land, to apportion their class rating to our values for the soil attributes. From this, we derived our soil resilience classes: Class 1 (resistant); Class 2 (resilience) and Class 3 (regime shift).



The spatial data of soil and landscape attributes were built using a combination of remote sensing data and on-ground data collection, using ArcGIS/Arcmap 10.7.1 ® software (Esri, Redlands, California, USA). The data collected was RGBN 16 bit (Red, Green, Blue, NIR) multispectral imagery at 12.5 cm ground sampling distance, along with LIDAR to create digital elevation models (DEM) and digital terrain models (DTM). These models allowed us to generate raster layers in Arcmap including for slope, altitude, aspect. [36]. Raster layers were converted to vector files. The attributes of slope, erosion severity and altitude were overlain to indicate soil physical resilience. The attributes of CEC, soil pH, soil C and P retention were overlain to give soil functional integrity. In other words, each attribute was represented by one layer, and maps were overlaid to determine the overall soil resilience class, utilizing the soil resilience variables defined during this research. Data was classified into the resilience classes (1, 2 or 3) in order to standardise the maps to one scale.





3. Results


Defining the Soil Resilience Variables and Their Spatial Extent at Mt Grand Station


The soil attributes used to define the soil resilience are presented in Table 4. These are nominally divided into 3 groups, Class 1, Class 2 and Class 3, after Table 1. The physical attributes are landscape components that are fixed and we consider that they do not change with changes in land management practice. Similarly, the structural integrity attributes are also dominantly physical attributes and are also largely fixed in their functionality. However, we have assigned the functional integrity of the soil as being based on chemical attributes which are more dynamic in nature, which can change and be moderated by land management practices, as noted by [20,36]. For example, soil pH can be modified by applications of lime; and carbon% can be increased in soils by specific land management practices resulting in carbon sequestration.



To allocate the values for the attributes in the three classes, we used the framework in Webb and Wilson [36]. For example, if three classes were allocated in [36], then these would equate to soil resilience classes 1, 2 and 3. If five classes were allocated, then the two end members would equate to classes 1 and 3. Moreover with rock outcrops, non-rocky (1) and slightly rocky (2) were allocated to resilience class 1, while moderately rocky (3) was allocated to resilience class 2 and very rocky (4) and extremely rocky (5) were allocated to resilience class 3 (Table 4). These class allocations can be modified with field based data if available; and this would be the next step in testing the soil resilience class model presented here. This future testing will include overlaying resilience classes with projected changes in rainfall intensity and frequency, incidence of drought conditions for extended durations and changes in seasonal temperature changes with longer extents at high and low temperatures.



Figure 3 and Figure 4 show the vector files from Arcmap for the physical resilience attributes of the soil. To determine the resilience class, we used the parameter ranges from Table 4. In initial calculations, we divided the resilience class into high and low resilience, to give 4 classes. After consideration of the complexity of data in the vector files, we revised this classification to settle on three classes only: Class 1—resistance; Class 2—resilience; and class 3—regime shift. This is in agreement with the classes in Table 1, and as used by Bünemann et al. [20].



The process was repeated for vector files encompassing the soil functional integrity parameters (Figure 5). Finally, all the vector files of resilience classes were overlaid to generate the overall soil resilience class (Figure 6).



For the final map (Figure 7) low resilience (yellow) and high resilience (green) classes were amalgamated to create class 2, resilience. The allocation of values to the attributes in the three resilience classes in this desk top exercise was on a case-by-case basis, using the values for classes in [35,37] (Table 4). For the purposes of this exercise, class allocation was set at a high level and based on conservative estimates, and applying expert knowledge of soil response to external disturbances.



We took as our external disturbance, climate change. Effects of climate change includes increases in temperature and extreme weather events such as increases in rainfall volume, frosts, storms, droughts. This will also impact on soil erosion, soil compaction, reduction in agricultural productivity and ultimately impact on the sustainability of land use enterprises [38].



Climate change will have both direct impacts on soil functionality (including change in soil C transformations and nutrient cycling) and on soil erosion with increases in frequency and magnitude of storm events [4,39]. For Mt Grand, thin skeletal soils on rocky, steep angled slopes at high elevation subject to more frequent, high intensity rainfall events will have low resilience to soil erosion. Indirect effects will include climate change instigating changes in land management; ranging from change in irrigation, crop and stock rotation to tillage/pasture grazing management [4]. On Mt Grand’s steep and remote land, irrigation in response to extensive dry and possibly drought conditions is not a management option. Instead, it is likely that changes related to pasture vegetation management and stock grazing would be an outcome of adaption to climate change.



When we compared the soil resilience map with the soil map (Figure 7), the class distribution shows that the most resistant soils (Class 1) were largely associated with the fluvial Recent soils on the lower elevation fans. Class 2 soils are resilient to disturbance, and coincided with the orthic Brown soils to the west of the station, and some immature Pallic soils in the north east of the station. Class 3 soils that indicate a regime shift coincided with the argillic Pallic and immature Pallic soils in the south and north of the station. While Pallic soils are versatile soils on flat and gently sloping land; on Mt Grand they are located on steep slopes [39]. It is likely that the associated physical attributes of steep slopes and thin soil depth have allocated these Pallic soils into Class 3.





4. Discussion


4.1. Bioindicators for Soil Quality


Many studies of soil quality focus on defining a minimum data set of soil attributes. Some studies have attempted to derive a single soil quality index, often requiring an element of weighting to convey relative importance of attributes for a given location and context [40,41,42,43]. Our desktop approach was a starting point to evaluate the soil response to external drivers of disruption in order to define an initial broad range of attributes. This was to capture the wide scope of attributes that would contribute to soil resilience and which integrates the soil-landscape system.



These include attributes relevant to both agri-systems productivity and natural ecosystems to maintain environmental quality and biodiversity. In addition, these attributes are present in a New Zealand wide database, as well as covering the Mt Grand study site. By including the biophysical aspects of the landscape (altitude, slope angle etc.)—that is the inherent (static) attributes and the manageable (dynamic) attributes—then the broad scope of contributors to soil quality can be included.



However, there are several approaches to grouping the attributes. We first allocated the factors that drive soil resilience into chemical, physical, biological and landscape groupings, based on their impact on soil resilience. This included the physical landscape group which covered altitude, slope angle and erosion severity. Secondly, a group that covered the integrity of the soil from an ability to maintain functionality (soil pH, CEC total C etc.); these are the dynamic attributes that are more likely to be altered as a result of land management practices. The third grouping includes those attributes that allow the soil to maintain an element of structural integrity (particle size, potential rooting depth, soil temperature etc.); and this we consider to be close to the inherent (static) attributes of Schwilch et al. [25], where these attributes are not prone to change as a result of land management practices.




4.2. Allocated Class and Association with Soil Type


In this part of Otago, there is a noticeable relationship between soil type, slope aspect and altitude. Brown soils occur at higher altitudes where rainfall is higher and evapotranspiration rates are lower. On lower altitude slopes which are drier, Brown soils give way to Pallic soils [40]. When we compared the spatial distribution of the regime shift class to the incidence of soil type, the regime shift was closely associated with the mapped distribution of Pallic soils, as well as the NZLRI productivity classes of very low and very low to low. Pallic soils are dominantly formed in loess parent material which for this locality is derived from the glacial erosion of the surrounding quartzo-feldspathic schist bedrock.



At Mt. Grand, loess mantles the northern and western flanks of the uplifted schist bedrock. Pallic soils have silt loam textures with weak structure and low porosity. Under pasture conditions, clay accumulates in the B horizon, as demonstrated in the Blackstone soil series (typic argillic Pallic; [34]) which has thin clay coatings lining pores and on ped surfaces. Pallic soils have low concentrations of secondary iron oxides and weakly weathered parent material; consequently, P retention is often low throughout the soil profile. Soil pH is moderate (and slightly acid in the B horizon), carbon content is low and base saturation can be over 50% in B horizons. The silt loam texture of the Pallic soils contribute to the high slaking potential and make these soils prone to erosion. Pallic soils are also subject to a strong annual cycle of summer water deficit and winter wetness. The pedal immature Pallic soils occupy the larger spatial extent of the Pallic soils at Mt Grand. These soils have no fragipan, or clay accumulation and have weakly expressed Pallic soil features [39] (Hewitt et al., 2021). Considered as a whole, these Pallic soils have moderate natural soil fertility, requiring pH and fertiliser management to enable productive pasture for stock. Both the typic argillic Pallic (Blackstone soil series) and pedal immature Pallic (Arrow soil series) are classed as versatile soils on flat to gently sloping terrain due to their deep rooting potential and high water holding capacity in the upper horizons.



However, at Mt Grand the Arrow soil series exists as thin, skeletal soils which are weakly-moderately leached and erosion prone; the Blackstone soils are also shallow and stony soils. So, it is not unreasonable to propose that with pasture management to optimise soil pH and fertility, the thin and stony/skeletal nature of the Pallic soils (combined with their inherent properties as outlined above), make them vulnerable to exceeding their functional integrity threshold and moving to class 3 (regime shift). An alternate explanation is that the northern and western slopes of Mt. Grand station are more intensively managed: the intensity of external nutrient inputs results in a move to class 3, due to their proximity to the operational hub of the station. The next step in our research is twofold. Firstly, undertake a detailed comparison with the land use records to determine intensity of external land management practices. Secondly, compare projected future climate scenarios as external stressors on the soil resilience classes and construct a climate impact map for Mt Grand, based on these external inputs to the soil systems.



Our results also pose some questions, which we will explore in future research. The regime shift has occurred as a result of land management practice, or alternatively as a consequence of the natural landscape and external factors like climate and/or soil processes. While structural integrity cannot be changed, functional integrity can. An alternate approach to consider is in assessing the soils for resilience. Apportion class 2 soils as “management-sensitive”—such that functionality can change as a result of land management practices. If we consider class 2 soils to represent a threshold or tipping point, does this provide information to allow the management practice to be changed to prevent moving to class 3. Soils currently mapped as class 3 reflect current land use and current structural integrity. Options to make the soil more resilient to further change/degradation include retiring class 3 land out of productive land use and considering what potential land management practices will help restore the soil and protect it from further degradation.



Other current research on soil resilience also focuses on management practices and climate regimes. These include investigating positive impacts from land management practices due to the effects of ecological intensification [44] and also research into enhanced agrisystem resilience and production stability in climate regimes [45]. Specifically in the New Zealand context, recent research includes a focus on frameworks of soil and landscape functionality which can assist in land management considerations, termed “the Land Resource Circle”. This approach can be used to underpin land assessment and planning, and also increase the awareness of the ecosystem services provided by the landscape [36] and may add value to the framework that we are developing for Mt Grand Station.





5. Conclusions


Soil ecosystem services underpin the functionality and productivity of the terrestrial landscape. Soil resilience—the ability of soil to recover from external stressors—is the basis for a more sustainable, multifunctional pastoral system. Defining a framework of soil resilience for Mt Grand Station was dependent on selecting those soil attributes that reflected the dynamic nature of their response to external stressors. In this desktop case study, we selected attributes that reflected both the dynamic and structural functionality of the soil at Mt Grand Station, to create a soil resilience framework, with three classes: 1, 2 and 3. The attributes that encompass the dynamic functionality of the soil (pH, CEC, total C) are more likely to change as a result of land management practices at this location, compared to attributes representing biophysical (altitude, slope angle) or structural integrity (particle size, potential rooting depth). The final mapping of the soil resilience variables produced a map of three classes. Class 1 soils are resistant to disruptive change. Class 2 soils are at a tipping point; they are resistant change, but can move over a threshold to Class 3. Class 3 soils—the soil has already shifted and undergone a regime change. We compared the resilience classes to the mapped soil type for Mt Grand Station. Class 3 soils (regime shift) were associated with Pallic soils (Figure 7) and with the NZLRI low ratings for agricultural productivity for Pallic soils. The desktop approach used here is a starting point to evaluate soil response to external drivers of disruption, and further research is needed to build on these initial findings. This research will be significant for future generations as it will allow us to derive soil resilience classes under likely future climate change external stressors and to create a climate impact map for Mt Grand Station. It will also provide a framework and template for assessing soil resilience in different settings nationally—and with further development, potentially in locations outside New Zealand.
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Figure 1. (a) Location of Mt Grand Station: South Island, New Zealand (image derived from Google Earth). (b) Location of Mt Grand Station: adjacent to Hāwea Flat and Lake Hāwea (image derived from Google Earth). 
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Figure 2. Soils and topographic elevation of Mt Grand Station. Soil data derived from S-map and the New Zealand National Soil Database; and New Zealand soil classification. Paddock boundaries indicated. Refer to Table 1 for soil group names and corresponding numbers. Elevation ranges from 300–1500 m asl. Map produced under http://creativecommons.org/licenses/by-nc-nd/3.0/nz/ (accessed on 22 December 2021). 
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Figure 3. Vector files for physical resilience of soil. Based on factors determining physical resilience of soil. To determine resilience class, vector data was compared with resilience class parameters in Table 4. Note that for the final map class 2 and 3 were amalgamated to create class 2, resilience. 
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Figure 4. Overlay of soil physical resilience vector files. 
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Figure 5. Vector files for the soil functional integrity parameters. To determine resilience class, vector data was compared with resilience class parameters in Table 4. Note that for the final map (Figure 7) thelow resilience (yellow) and high resilience (green) classes were amalgamated to create class 2, resilience. 
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Figure 6. Soil resilience map, generated from overlay of vector files from Figure 3, Figure 4 and Figure 5. 
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Figure 7. Final soil resilience map and soil map, with paddock boundaries indicated. Note the codes for soil type refer to NZ Soil Classification nomenclature (Hewitt, 1998). 
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Table 1. Soil system and ecosystem responses to disturbances. Based on Ludwig et al. [7].
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	Resilience Class
	Disturbance Level
	Ecosystem

Response
	Consequences
	Change in Soil State





	High
	1
	resistance
	No consequences
	No change



	Medium
	2
	resilience
	Structural change, eventual species composition change.

No functional change
	Temporary change—reversible



	Low
	3
	Regime shift
	Crossing the threshold. Structural and functional collapse.
	Permanent change—irreversible.
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Table 2. Table of selected soil characteristics for Mt. Grand Station. Soil series numbers where indicated refer to Figure 2.
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Soil Series

	
Soil Unit (NSD)

	
NZSC (Order, Group, Subgroup)

	
Topography

	
Comment






	
Soils of the upland and hill country




	
Dunstan

1

	
57d

	
acid orthic Brown

	
Steep-mod steep; some very steep. Schist and slope deposits with some locally sourced loess

	
Weakly weathered; but strongly leached at high rainfall& altitude. Erosion prone (wind, sheet, frost heave, landslides)




	
Carrick

2

	
55cH

	
acid orthic Brown

	
Schist solifluction deposits. Moderately steep with a few rock outcrops; hummocky surface.

	
Shallow, moderately-weakly weathered. Prone to erosion (wind and sheet).




	
Arrow

4

	
10

	
pedal immature Pallic

	
Moderately steep—steep slopes with a few rolling ridges.

	
Thin, skeletal soils formed on schist with thin loess cover. Weakly-moderately leached. Erosion prone.




	
Blackstone

5

	
9H

	
pedal argillic Pallic

	
Rolling ridges separated by moderately steep gullies.

	
Shallow and stony soils formed on schist with a coating of loess. Clay accumulation in B horizon.




	
Soils of the fans, locate on the basin margins




	
Bourke

	
BU1 + BU3

	
pallic orthic Brown

	
Older dissected fan surfaces. Gently-moderately-steeply sloping fans of loess covered schist colluvium. Can be strongly rolling and steep on dissected fan surfaces.

	
Moderately developed with distinct colour change from dark gray A horizon to yellow B horizon; B horizon has moderately developed structure and moderately compact.




	
Maungawera

	
M1 + M2

	
weathered fluvial Recent

	
Level to moderately sloping fan deposits formed from schist colluvium on Q2 gravels. Younger fan surfaces compared to Bourke soils.

	
Weak soil development with indistinct A/B colour change and weak structural development in A horizon.




	
Speargrass

6

	
S4

	
typic fluvial Recent

	
Level—gently-moderately-steeply sloping topography. Actively aggrading fans with flood risk. Younger fan surfaces compared to Speargrass soils.

	
Developed in schist alluvium; incipient soil formation.
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Table 3. Soil Fundamental Data Layers (FDL) selected for this study.
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	Soil Fertility/Toxicity
	Soil Physical Properties
	Topography/Climate





	pH

salinity

CEC

Total C

P retention
	Topsoil gravel content

Total profile available water

Profile readily available water

Soil Drainage

Macropores (shallow and deep)

Particle size
	Slope

Potential rooting depth

Proportion of rock outcrop

Flood return interval

Soil temperature
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Table 4. The capability of the land to support healthy pasture, using soil resilience variables. Note that functional integrity parameters are dynamic and can change while the physical and the structural integrity parameters are largely fixed.
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Class

	
Variables

	
Resilience Classes




	
Class 1

	
Class 2

	
Class 3




	

	
Resistance

	
Resilience

	
Regime Shift






	
Physical

	
Altitude (m)

	
<400

	
400–1200

	
>1200




	
Slope (degrees)

	
<8

	
8–26

	
>26




	
Erosion severity (NZLRI) (affected area %)

	
negligible

	
Slight; moderate; severe

(1–40)

	
Extreme; very severe (>40)




	
Functional integrity

	
Soil pH

	
Near neutral

(5.8–6.4)

	
Moderately high; moderately low

(6.5–7.5; 5.5–5.7)

	
High; low; very low

(>7.5; <5.5)




	
Salinity (%)

	
Very low; low

(<0.15)

	
Medium; high

(0.15–0.7)

	
Very high

(>0.7)




	
CEC

(cmoles+ kg−1)

	
High; very high

(>25)

	
Medium; low

(6–25)

	
Very low

(<6)




	
Carbon (%)

	
Very high; high

(>10)

	
Medium; low

(2–10)

	
Very low

(<2)




	
P retention (%)

	
Very high; high

(>60)

	
Medium; low

(10–60)

	
Very low

(<10)




	
Conductivity

(mS cm−1)

	
<0.4

	
0.4–2.0

	
>2.0




	
Structural integrity

	
Particle size

	
Skeletal sand (S)

	
Loam (L)

	
Silty (Z)




	
Potential rooting depth (m)

	
Very deep; deep

(>0.9)

	
Moderately deep; slightly dep

(0.9–0.45)

	
Shallow; very shallow

(<0.45)




	
Profile available water (total and readily) (mm)

	
Very high; high

(>150)

	
Moderately high; moderate

(60–150)

	
Low; Very low

(<60)




	
Macro porosity (0–0.6 m depth; and at 0.6–0.9 m depth)

(air filled porosity %)

	
Very high; high

(>10)

	
Moderately high; moderate

(5–10)

	
Very low

(<5)




	
Top soil gravel content (%)

	
Non; very slightly; slightly gravelly

(<15)

	
Moderately gravelly

(15–35)

	
Extremely gravelly

(>35)




	
Rock outcrops (area %)

	
Non; slightly rocky

(<2)

	
Moderately rocky

2–10)

	
Very; extremely rocky

(>10)




	
Flood return interval (yr)

	
Nil; slight

(<1 in 60 years)

	
Moderate; moderately severe

(1 in 60–1 in 10 years)

	
Severe; very severe

(>1 in 10 years)




	
Soil temperature (°C)

	
Thermic; warm mesic

(>15)

	
Mild; cool mesic

(8–15)

	
Cold mesic; cryic

(0.6)




	
Depth to slowly permeable horizon (m)

	
Class 5, 6

(>1.2)

	
Class 3, 4

(0.6–1.2)

	
Class 1, 2

(<0.6)
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