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This report is one of a series of topic reports written as part of a ‘think piece’ project on
Regenerative Agriculture (RA) in Aotearoa New Zealand (NZ). This think piece aims to
provide a framework that can be used to develop a scientific evidence base and research
questions specific to RA. It is the result of a large collaborative effort across the New Zealand
agri-food system over the course of 6 months in 2020 that included representatives of the
research community, farming industry bodies, farmers and RA practitioners, consultants,
governmental organisations, and the social/environmental entrepreneurial sector.
The think piece outputs included this series of topic reports and a white paper providing a
high-level summary of the context and main outcomes from each topic report. All topic
reports have been peer-reviewed by at least one named topic expert and the relevant
research portfolio leader within MWLR.
Foreword from the project leads
Regenerative Agriculture (RA) is emerging as a grassroot-led movement that extends far
beyond the farmgate. Underpinning the movement is a vision of agriculture that
regenerates the natural world while producing ‘nutrient-dense’ food and providing farmers
with good livelihoods. There are a growing number of farmers, NGOs, governmental
institutions, and big corporations backing RA as a solution to many of the systemic
challenges faced by humanity, including climate change, food system disfunction,
biodiversity loss and human health (to name a few). It has now become a movement.
Momentum is building at all levels of the food supply and value chain. Now is an exciting
time for scientists and practitioners to work together towards a better understanding of RA,
and what benefits may or not arise from the adoption of RA in NZ.
RA’s definitions are fluid and numerous – and vary depending on places and cultures. The
lack of a crystal-clear definition makes it a challenging study subject. RA is not a ‘thing’ that
can be put in a clearly defined experimental box nor be dissected methodically. In a way, RA
calls for a more prominent acknowledgement of the diversity and creativity that is
characteristic of farming – a call for reclaiming farming not only as a skilled profession but

also as an art, constantly evolving and adapting, based on a multitude of theoretical and
practical expertise.
RA research can similarly enact itself as a braided river of interlinked disciplines and
knowledge types, spanning all aspects of health (planet, people, and economy) – where
curiosity and open-mindedness prevail. The intent for this think piece was to explore and
demonstrate what this braided river could look like in the context of a short-term (6 month)
research project. It is with this intent that Sam Lang and Gwen Grelet have initially
approached the many collaborators that contributed to this series of topic reports – for all
bring their unique knowledge, expertise, values and worldviews or perspectives on the topic
of RA.
How was the work stream of this think piece organised?
The project’s structure was jointly designed by a project steering committee comprised of
the two project leads (Dr Gwen Grelet1 and Sam Lang2); a representative of the New Zealand
Ministry for Primary Industries (Sustainable Food and Fibre Futures lead Jeremy Pos); OLW’s
Director (Dr Ken Taylor and then Dr Jenny Webster-Brown), chief scientist (Professor Rich
McDowell), and Kaihāpai Māori (Naomi Aporo); NEXT’s environmental director (Jan Hania);
and MWLR’s General Manager Science and knowledge translation (Graham Sevicke-Jones).
OLW’s science theme leader for the programme ‘Incentives for change’ (Dr Bill Kaye-Blake)
oversaw the project from start to completion.
The work stream was modular and essentially inspired by theories underpinning agentbased modelling (Gilbert 2008) that have been developed to study coupled human and
nature systems, by which the actions and interactions of multiple actors within a complex
system are implicitly recognised as being autonomous, and characterised by unique traits
(e.g. methodological approaches, world views, values, goals, etc.) while interacting with each
other through prescribed rules (An 2012).
Multiple working groups were formed, each deliberately including a single type of actor
(e.g. researchers and technical experts only or regenerative practitioners only) or as wide a
variety of actors as possible (e.g. representatives of multiple professions within an
agricultural sector). The groups were tasked with making specific contributions to the think
piece. While the tasks performed by each group were prescribed by the project lead
researchers, each group had a high level of autonomy in the manner it chose to assemble,
operate, and deliver its contribution to the think piece. Typically, the groups deployed
methods such as literature and website reviews, online focus groups, online workshops,
thematic analyses, and iterative feedback between groups as time permitted (given the short
duration of the project).
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Summary

Nearly every part of our planet has been exposed to, or is forecasted to experience,
disruptions ranging from socio-political uprisings and economic crises to environmental
disasters. Research is increasingly clear on the connections between human activities and
environmental issues, with significant recognition of the current food system’s role in the
production of greenhouse gases, deforestation, and both degradation and loss of soil
functions.
Understanding these connections and concerns about forecasted changes has brought
awareness of the need for resilience: the capacity for a system to resist change and recover
from external disturbances/stressors. Resilience can be broken down into:


resistance – the capacity to mitigate internal change caused by an external
stressor



recovery or rebound – the ability to recover to a ‘natural state’ following a
disturbance.

Resistance can be measured as the amount of change resulting from disturbance, and
recovery can be measured as either a rate of change post-disturbance or as the length of
time required to re-establish a baseline, undisturbed value.
In New Zealand and elsewhere, Regenerative Agriculture (RA) practices have been
suggested as a way to increase resilience to flood and drought conditions. These two
disturbance types are expected to increase in frequency and intensity over the coming
decades (Melillo et al. 2014). To test this hypothesis, we suggest a framework for quantifying
farm systems’ resilience to flood and drought conditions using indirect and direct
measurements of resilience at plot, field, farm, and landscape-scales. This framework
consists of:


measurements of soil properties (e.g. infiltration, macroporosity, aggregate
stability, carbon, and biological communities) that are known to indirectly support
resistance to, or recovery from, drought and flood



direct measurements of productivity and quality throughout periods of
disturbance



remote sensing (RS) measurements of vegetation quality (through vegetation
indices such as NDVI, SAVI, etc.) across regional scales to test whether farm-scale
results are applicable across a broader New Zealand context.

In capturing all three approaches (indirect, direct, and RS), we can identify whether RA
practices alter resilience to drought and flood compared to current management practices
at field, farm, and landscape scales; and identify which mechanisms are supporting such
resilience. For observational approaches we recommend that systems be monitored for at
least 5 years in order to discern annual ‘noise’ from long-term resilience. Throughout this
time, researchers should engage with farmers who practice ‘regenerative’ approaches, as
well as farms not using such practices, to gain the fullest understanding of how
management strategies differ and overlap throughout future disturbances. We suggest
implementing research designed so that it includes sites that are known to be particularly
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affected by drought and/or flooding (e.g. Hawke’s Bay, Gisborne, Southland) or have
recently experienced an extreme event; and sites that have less extreme disturbance
regimes. In doing so, we can better understand how agricultural systems respond to a range
of changes in weather patterns.
In brief, we recommend a paired study of farms applying practices and management
labelled ‘regenerative’ alongside farms not using such practices in order to measure:
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indicators of a resilient system (i.e. physical, chemical and biological measures of
soil health that lead to resilience)



resilience to drought and flooding at a range of spatial and temporal scales.

Introduction and definitions

2.1 Resilience
Both New Zealand and global agro-ecosystems are expected to experience an increased
frequency and intensity of drought and flooding events due to climate change (Reisinger et
al. 2010; Melillo et al. 2014). This has led to an increasing desire to develop resilient agroecosystems to ensure that profitability and food production can be maintained despite
these events becoming more frequent. Here we define resilience as the capacity to maintain
and recover function in response to disturbance. A highly resilient system is one that exhibits
a low disturbance impact and a fast recovery rate, ‘low’ and ‘fast’ being defined relative to
the distribution of responses. Testing resilience to drought and flooding provides a more
sensitive indicator of agricultural systems’ performance than its ability to function under
normal conditions, as resilience requires the physical, chemical, and biological properties of
each farm system to work together to reduce the impact of the disturbance, and any
limitations imposed by the low biological diversity associated with some management
approaches are likely to be more evident (Isbell et al. 2015; Roesch-McNally et al. 2018).
The resilience of a system incorporates two main concepts: resistance, which is the ability of
a system to minimise the impact of a disturbance, and rebound or recovery (Pimm 1984),
which describes the ability of the system to recover to a pre-disturbance state following a
disturbance (Figure 1.). Recovery can be thought of as a recovery rate, or as the total amount
of time required to return to a pre-disturbance state (i.e. the return time). The response
variable measured to quantify these components of resilience in agricultural systems can be
any metric of interest, and might include production quantity and quality, or soil health
parameters. Details of potential ways to measure these response variables are given in
accompanying topic reports (Schon et al., 2021a, 2021b).
In this report we focus on discussing indirect and direct approaches to quantifying the
resilience of production (of plant biomass or crops), and resistance to surface erosion in
agro-ecosystems at a range of spatial and temporal scales. We also discuss remote sensing
as a possible means for quantifying resilience.
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Figure 1. Resistance and recovery rates in response to disturbance (e.g., drought or flooding).
A) provides a simplified overview of the different components of resilience, with the shaded
area showing the overall impact of the disturbance. B) shows an example of possible
responses in two systems (denoted by subscript 1 and 2 and red and green lines) with
differing resilience. These figures are based on the concepts discussed in Ingrisch and Bahn
(2018) and the references therein.

2.2 Drought
Droughts have been defined using a range of indicators across the globe (e.g.
meteorological indicators such as, rainfall ). For this study, ‘agricultural drought’ is best
defined as the soil moisture deficit (SMD) in the root zone of the soil profile. SMD can be
calculated using a simple water balance model, including water inputs (rainfall), outputs
(evapotranspiration, evaporation, runoff), and physical characteristics of the soil (waterholding capacity). In New Zealand, NIWA calculates SMD from daily rainfall, daily potential
evapotranspiration, and a standard water-holding capacity of 150 mm. Drought indicators
are also available from SMD maps, based on the current SMD and the anomaly against longterm SMD records.

2.3 Flooding
Flooding can be described as excessively saturated soil conditions due to intense and/or
prolonged rainfall. Saturated conditions occur when the quantity of rainfall exceeds the
holding capacity of a soil. Taking a plant-centred view of flooding, we consider ‘flood’ to
occur when soils drop below 10% air-filled pore space, at which point plants are typically
stressed by lack of root-oxygen uptake. By volume, soils typically contain 15–30% air-filled
pore space, and so the magnitude of precipitation required to ‘flood’ a soil will vary based
on soil properties.
The amount and duration of precipitation required to induce stress on different crops
and/or pasture species will vary and are not necessarily evident in ponding on the surface.
Some plants may tolerate short-term flooding, while others respond drastically to such
events.
The definition of flooding will differ along a river/floodplain, where flooding signifies
overbank flow and inundation of the floodplain. Within this context, factors to consider
would include the frequency, depth, and duration of inundation, as well as the amount and
-3-

type of sediment that is eroded or deposited as floodwaters recede. For example, historical
seasonal flooding of the River Nile deposited sediments valuable to agriculture; in contrast,
silts deposited by the Whangaehu River, North Island, typically contain high heavy metal
concentrations and stunt subsequent vegetation growth (Deely & Sheppard 1996).

3

Potential contribution of remote sensing

Remote sensing has the potential to be useful for helping understand differences in
resilience between systems. Remote sensing is the acquisition of information about an
object or phenomenon without making physical contact with the object (Jensen 2000). In
current usage, the term ‘remote sensing’ generally refers to the use of satellite- or aircraftbased sensor technologies to detect and classify objects or phenomena on Earth's land
surface, atmosphere and/or oceans. It may be split into active remote sensing, when a signal
is emitted by a satellite or aircraft to the object and its reflection detected by the sensor
(this includes synthetic aperture radar, or SAR), and passive remote sensing, when the
reflection of sunlight is detected by the sensor (this includes the multispectral optical
sensors that collect images at wavelengths varying from blue [visible] light through to shortwave and thermal infrared).
Optical remote sensing can record information on whether plants (and, indirectly, animals)
benefit from different management approaches. Other types of remote-sensing sensors,
such as synthetic aperture radar (SAR), can also sense the variations in soil moisture
conditions. In terms of space-borne remote sensing, many environmental features can be
mapped and monitored, but the main/most relevant and useful ones are:


the type of land cover – sometimes to species level (e.g. fodder beet), but more
frequently to a more generalised group (e.g. cereals, pasture)



the state of this land cover and how healthy it is



the persistence of the land cover through time – is a land cover/condition
increasing or decreasing in area and/or in coverage (e.g. percentage bare soil vs
crop coverage, forest and shrubland establishment or removal, extent of
wetlands).

The state of land cover is typically monitored by some type of vegetation index (e.g.
normalised difference vegetation index (NDVI) and variations thereof; Rouse et al. 1974).
While vegetation condition is generally captured well in such indices, the specific cause and
processes ( climatic conditions, management of crop, weed, and/or pests) cannot typically
be discerned using remote sensing. Further, although vegetation indices can provide useful
information, there is a tendency for spectral signals from healthy, well-moistened vegetation
to saturate well before maximum vegetation height and canopy coverage is attained. This
limits the utility of these metrics in the New Zealand environment.
All primary sectors could benefit from the use of remote sensing and associated modelling
as a means of understanding how resilience differs for farm systems implementing practices
found within the regenerative framework. Remote-sensing approaches include a number of
benefits.
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They are relatively cheap, and can be applied across broad spatiotemporal scales
(Hilker et al. 2008; Harpold et al. 2015; Gerhards et al. 2019).



They allow monitoring of past and present conditions for input into modelling and
forecasting at an even wider range of sites.



Remote-sensing data can be paired with ground truth measurements at farm and plot
scales to reveal mechanistic understanding of what underlies field/farm-scale
differences (Lawley et al. 2016).



Uncertainty can generally be quantified to ascertain the variability in responses.

Of particular interest for vegetation studies is the spectral region of the red edge (around
700 nm). This spectral region can show up large variations in reflectance due to changes in
chlorophyll absorption. The multispectral sensor on the Sentinel-2 satellites operated by the
European Space Agency, which provides imagery every 5 days, includes three red-edge
spectral bands. These data would be suitable for any proposed investigation into resilience
in productive landscapes. In terms of measurements of pastures and arable crops, studies
typically capture remote-sensing data from the mid-vegetation period (i.e. the optimal
phenological stage) (Schmidt et al. 2014) and account for regional and local differences in
rainfall, as well as grazing pressures (Bastin et al. 2012). In terms of the effects of, and
rebound from, drought or flood conditions, the reflectance measurements should persist
until the steady-state situation is regained.
It is also feasible to measure pasture biomass using remote sensing. This is one area where
SAR can make a major contribution, especially if timely and consistent information is
required (McNeill et. al. 2010). There are also existing proximally sensed solutions (C-DAX
Pasture Meter, C-Dax Ltd, Palmerston North, New Zealand). Manaaki Whenua is currently
completing some contracted work calibrating historical pasture quality samples against
medium-resolution satellite imagery (Sentinel-2) and the results are encouraging (Stephen
McNeill, pers. comm. 2020). However, we anticipate that, when applying remote-sensing
approaches across diverse pastures compared to ryegrass/clover systems, issues will arise
when distinguishing between actual pasture/crop resilience from unique optical traits of
specific species compositions as opposed to individual species (Feilhauer et al. 2017).
As well as space-based remote-sensing satellite services, with their advantages of economy,
repeatability, and scale, remote-sensing instruments can be mounted on, and used from,
any number of platforms: fixed wing, UAV/RPA/drone, even hand-held. Each individual end
use dictates the most appropriate platform, spectral information required, and temporal and
spatial resolutions (e.g. Harpold et al. 2015). If intra-paddock-level metrics are sought, then
hand-held or very high-resolution sensors are the most practical for direct plot–sensor
relationships. If required, sampling from a series of plots could then be converged/averaged
to provide paddock-level metrics.
The value of all remote-sensing solutions is that well-chosen, ground-based sampling can
inform wide area analysis and information. If resilience studies are coupled with precision
agriculture, then high-resolution topography (HRT), such as provided by LiDAR, is also very
important (Tsoulias et al. 2019). In New Zealand, current LiDAR coverage is relatively minimal
outside of major urban areas and floodplains, but release for several regions (Northland,
Gisborne, Hawke’s Bay, and Marlborough) is scheduled for 2021 (see LINZ website,
www.linz.govt.nz) and considerably more coverage is planned.
-5-
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Indirect measures of resilience to drought and flooding

Indirect measures of resilience can include any single variable, or group of variables, that is
known to be a key driver of resilience in the context of a farm system. A wide variety of soil
and plant properties determine resilience, and many of these are influenced by
management practices. These properties can be divided into physical, chemical and
biological components, although it should be noted that these components interact with
each other (Figure 2). A key advantage of this approach is that indirect measures are typically
simple and well understood, can be used across all sectors, and are relatively cheap
compared to experimental approaches.
While indirect approaches could incorporate a wide range of farms, soil types and climates,
whether the amount of change in an indirect variable is sufficient to influence actual
resilience in response to drought or flooding is often unknown and is likely to depend on
the duration and intensity of the disturbance event. To be more certain of the relevance of
these variables, it would be useful to validate them against actual responses to drought or
flooding.

Figure 2. Example physical, chemical, and biological properties of a system that interact to
support the functioning of agricultural systems.

4.1 Physical properties that promote resilience
4.1.1

Soil infiltration, porosity, permeability

A soil’s physical properties affect its ability to retain water in periods of drought and infiltrate
water in times of extreme or prolonged rainfall. Soil infiltration rate is the rate at which water
drains through a soil profile. Rates vary in both vertical and horizontal dimensions. Soils with
low infiltration rates will retain water longer, and thus will be able to maintain favourable
-6-

conditions for grasses and crops for longer during periods of drought. Conversely, such soils
will become waterlogged and oversaturated during periods of excess rainfall, possibly
reducing the productivity of overlying grasses or crops. All measures of resilience for pasture
and horticultural systems should account for differences in soil properties, such as particle
size and permeability, since these factors mediate the storage capacity and position of
available water within a soil column for root absorption.
Soil infiltration rates are partially a function of soil porosity: the interstitial pore space
between sediment particles that is filled by air or water. The most common measure of
porosity is macroporosity (pore spaces larger than 30 µm), as these macropores are the
primary pathway through which water infiltrates. Macroporosity is influenced by the parent
rock material (i.e. geology), plant root density, organic matter, compaction from grazing,
tillage, and numerous other factors. As macropores are reduced, so is the transmission of
water through the soil profile (i.e. soil permeability), which has been shown to increase soil
loss via surficial erosion (Donovan & Monaghan, 2021).
Macroporosity is a widely accepted and simple measure of a soil’s physical health and would
also provide an indirect measure of the resilience to flooding, drought and surface erosion
when combined with infiltration rates or particle size density. For example, soil
macroporosity and infiltration rates have been measured before and after grazing events
under saturated and unsaturated soil moisture conditions to understand how resistance and
recovery times of soil physical properties vary (Houlbrooke et al. 2009; Laurenson et al.
2016). These results demonstrated much lower resilience (both resistance and recovery) of
physical properties for grazed soils directly after precipitation events because the soils had
exceeded the plastic limit (Houlbrooke et al. 2009; Laurenson et al. 2016).

4.1.2

Topography

Topographical metrics – such as slope angle, slope length, curvature, and aspect – are
significant drivers of resistance to surface erosion across a farm system. As slope angle
increases, so does the shear stress of overland flow as it makes its way downhill. Thus,
avoiding grazing or tilling on steeper slopes will reduce soil loss via surface erosion by
minimizing exacerbated soil disturbance on areas with inherently low resistance to erosion.
Further, the shear stress from overland flow will increase as flow volume increases via
convergence and accumulation at the foot of hillslopes. Flow converges when the curvature
of a hillslope is concave, and diverges (i.e. spreads) on convex terrain, thereby reducing
erosional forces. Generally, the productivity of pastures are limited by water availability at
the tops of hillslopes, while being dampened by excess moisture conditions at the bottoms
of slopes.
Finally, terrain aspect influences surface erosion via differences in soil moisture content on
north- and south-facing slopes (Zheng et al. 2020). While topography is an inherent factor
that cannot be managed and plays a pivotal role in the landscape’s resilience to erosion,
drought, and oversaturated conditions, the decision of which terrain will be grazed or
cropped remains. Management decisions can be made that avoid or minimise the use of
steep and concave land areas in order to proactively increase the retention of soils. The
spatial and temporal variability of land’s resilience to surface erosion is best captured using
a combination of remote sensing and modelling. Together, these tools can capture fine-7-

scale variability while encompassing broad spatial coverage. The universal soil loss equation
and/or derivatives is one model that can be applied at broad spatial scales to evaluate
relative susceptibility to surface erosion across space and time (Donovan & Monaghan,
2021; Donovan, 2021).

4.2 Chemical properties that promote resilience
An increase in soil organic carbon has been widely associated with improved physical soil
properties, particularly for water-holding capacity (Hudson 1994). The principles driving this
correlation are that (i) the addition of lighter organic matter decreases the overall bulk
density of soil, improving porosity (Soane 1990), or (ii) the effects of increased soil
aggregates help control water infiltration, transmission, and storage in soils (Franzluebbers
2002). However, in their meta-analysis study, Minansy and McBratney (2018) found a large
variation in reported effects of increased organic carbon on water-holding capacity. They
concluded that this positive effect is more important when soil is close to or at saturation,
and the magnitude of this effect decreases for field capacity, and permanent wilting point.
These authors also note that the effect increases with particle size distribution (i.e. the
positive effect is more significant for sandy soils, while almost null for clayey soils).
There is also some suggestion that the supply of limiting nutrients can determine recovery
rates (Gessler et al. 2017). Identifying the most limiting nutrients in a system may be difficult,
but measuring changes in nutrient availability after drought or flooding may provide a
mechanistic understanding of why systems differ in their responses.

4.3 Biological properties that promote resilience
Many RA approaches aim to support above- and below-ground biological diversity and
health. Measurements of plant community structure have been shown to influence
resistance and recovery in response to drought and flooding. For example, species richness,
community composition, and traits that influence disturbance tolerance (e.g. growth rate,
rooting depth, aerenchyma) have all been linked to plant responses to drought and flooding
(Lepš et al. 1982; MacGillivray et al. 1995; Mariotte et al. 2013; Gaudin et al. 2015; Striker &
Colmer 2017; Wright et al. 2017; Oram et al. 2020). These measurements have also been
linked to several physical and chemical soil properties that influence the ability of the system
to resist erosion and cope with flooding, such as soil aggregate stability (Pérès et al. 2013;
Gould et al. 2016); along with infiltration rates, porosity, and soil carbon (Fischer et al. 2015).
Measurements of plant community composition, diversity and traits could therefore provide
information on potential resilience. If used in conjunction with direct measurements of
resilience, they could also provide mechanistic insights. Plant community composition can
be quantified using standard vegetation survey approaches (Hurst & Allen 2007) and at least
some trait values will be available in existing databases (e.g. the TRY database; Kattge et al.
2020). However, additional trait measurements are likely to be required to cover the specific
varieties used in New Zealand and for less commonly measured traits.
The influence of plant communities on ground cover is also significantly correlated with the
proportion of surface erosion (Green et al. 1994). This is the simplest and cheapest plant-8-

based measurement and could be measured by farmers. Ground cover reduces surface
erosion by intercepting rainfall that would otherwise dislodge exposed soils, and by
reducing the velocity and quantity of overland flow. The proportion, density, species types,
and temporal extent of surface cover are the four primary components necessary for
understanding how above-ground plant communities influence resistance to surface
erosion. In agricultural systems all these components are controlled through decisions on
pasture community composition, grazing management, crop type(s), and the use of cover
crops during fallow periods. For example, within grasslands, the inclusion of rhizomatous
species and low forb-grass ratios tend to be associated with increased tensile strength to
resist surface erosion (Löbmann et al. 2020).
Soil biology can also have a significant impact on the response of both the above- and
below-ground system to drought and flooding by influencing soil physical properties (e.g.
via the effects of fungi, arbuscular mycorrhizal fungi, and earthworms on soil structure),
directly influencing access to water via mycorrhizal fungi, and by determining the availability
of nutrients during recovery. Fungal and gram-positive bacterial dominance may be good
indicators of microbial drought resistance (Schimel et al. 2007) and have been indirectly
linked to the resilience of the above-ground system (Mariotte et al. 2015). However, the
strength and direction of relationships of these soil microbial properties to resistance and
recovery is highly variable (Lambie et al. 2017), which means these indicators may be
relatively unreliable. The use of soil biological indicators to estimate soil structure or water
availability is also likely to be more expensive and less reliable than direct measurements of
these soil properties.

5

Direct measures of resilience to drought and flooding

Direct measurement of resilience requires monitoring responses to experimentally imposed
or naturally occurring drought or flooding events. Such responses can be quantified at a
range of spatial and temporal scales, from plot to national scale, and from single disturbance
events on a daily timeframe to multiple disturbance events spread across many years. The
data requirements and most appropriate approaches for each scale are different and are
discussed below.

5.1 Resilience in response to single disturbances at a local spatial scale
Responses to single disturbance events, where the intensity and duration of the disturbance
are the same across systems, can be quantified using experimental and observational
approaches. The most direct and accurate way to measure resilience is to impose an
experimental drought and/or flooding event in the field. Drought can be imposed using
rain-out shelters, and this has been successfully deployed elsewhere (e.g. Kreyling et al.
2017; Jung et al. 2020). Flooding is more difficult to impose in the field as it would require
more infrastructure to ensure that water remained in place; this would be simplest to impose
on flat fields. An alternative experimental approach is to take intact cores from farms and
impose drought and flooding in the laboratory (Oram et al. 2020). Experimental approaches
require a stringent paired approach, where two farms with different management strategies
that are on the same topography and soil type can be compared. Due to the relatively high
-9-

cost, an experimental approach can only be practically implemented at a small number of
sites, and plot size will be small.
Observational approaches can also be used to quantify responses to a single natural
disturbance event, and this could be used across more farms and at larger within-farm
spatial scales than experimental approaches. For past events, farmer records of production
or remote sensing could be used to quantify resilience to specific drought or flooding
events. For future events, monitoring of sites that are prone to flooding or drought could
be undertaken, either by scientists or based on data collected by farmers (e.g. change in
grape, milk, pasture biomass estimates or crop production over a relevant time scale). That
approach is useful for systems that are already managed to cope with such disturbances,
but may not capture responses to the more extreme events projected to increase in
frequency with climate change (Reisinger et al. 2010). For that, investing in monitoring
recovery in greater detail in the field after extreme events (e.g. the recent flooding in Napier)
would provide highly valuable information. As for experimental approaches, the most robust
approach is to compare paired farming systems that differ in management but have the
same soil type, climate, and topography.

5.1.1

Metrics for quantifying resilience to single disturbances

Because resilience incorporates change over time, a variety of metrics have been developed
to summarise those changes. There continues to be considerable debate as to which are the
best (Orwin & Wardle 2004; Ingrisch & Bahn 2018). Here we discuss how the common
features of these metrics can be applied to resilience in agricultural systems.

Quantifying baselines
Most methods recommend comparing disturbed systems to a baseline (i.e. undisturbed)
state, which can be quantified in three ways:


Measuring the response variable in an undisturbed but equivalent soil and plant
community throughout the same time frame as the disturbance and recovery
period (e.g. along the blue line in Figure 1A)



Estimating the baseline value based on measurements in previous years without
those disturbances, and/or modelling based on this data



Using the value of the response variable from immediately before the disturbance
started (disturbance onset in Figure 1).

Because baseline values vary over time (Drewry et al. 2004; Yeung & Richardson 2018) in
response to drivers such as seasonality and management (e.g. grazing, pruning, fertiliser
addition), the most accurate baseline is the first option. However, this is typically only
available for experimental approaches. Using modelling to estimate baseline values is the
next most accurate approach, but this requires access to long-term data sets and investment
in modelling and validation. Using pre-disturbance values as the baseline is the least
accurate but simplest approach.
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Quantifying resilience
After establishing which baseline value will be used, resilience can be calculated. A simple
and cost-effective approach to quantifying resilience across all sectors is to calculate the
percentage loss in production between the baseline system and the disturbed system over
an appropriate time scale for the disturbance studied (e.g. seasonal, crop life span, annual).
This metric quantifies the size of the perturbation caused by a disturbance and is equivalent
to the shaded area in Figure 1A. Quantifying the different components of resilience (e.g.
resistance, recovery rate, return time) provides greater detail of the impact of, and response
to, the disturbance. If this approach is taken, overall resilience can be visualised by plotting
resistance versus recovery rates for each site (Hodgson et al. 2015; Ingrisch & Bahn 2018).

Quantifying resistance
Resistance can be quantified as the immediate effect of, or the peak amount of change in,
a response variable caused by a disturbance (Todman et al. 2016; Ingrisch & Bahn 2018).
Where a long time-series of data can be measured or obtained, the point of maximum
deviation from the baseline can be more easily defined. However, where this is not practical
or available, resistance is often measured as the amount of change at the time point where
the disturbance ends (Orwin & Wardle 2004). For drought, the end of the disturbance could
be defined based on the Standardised Precipitation Index, the Soil Moisture Deficit, the Soil
Moisture Deficit Anomaly, the potential evaporation deficit, the New Zealand Drought Index
developed by NIWA (https://niwa.co.nz/sites/niwa.co.nz/files/NZDI_more_info.pdf), or a
site- and plant community-specific estimate of the point where adequate soil moisture
levels are attained. The end of the flooding period could be defined as the point where the
soil returns to field capacity (McDowell & Houlbrooke 2009).

Quantifying recovery
The extent of recovery can be expressed relative to the baseline pre-disturbance state
(baseline-normalised) or relative to the amount of change caused by the disturbance
(impact-normalised). Ingrisch and Bahn (2018) advocate for the use of baseline-normalised
indices because this allows, in combination with baseline-normalised measures of
resistance, an estimate of overall recovery time, impact-normalised recovery, and
perturbation size. As for resistance, detailed time series data allows the point of full recovery
to be identified. Where this is not practical or available, a relative measure or estimate of
recovery can be obtained by comparing a minimum of two data points (e.g. measurements
made at the end of the disturbance and at some point during recovery; Orwin & Wardle
2004). The timing of the second measurement will depend on the response variable focused
on and the duration and intensity of the disturbance. For example, soil microbial respiration
rates can return to baseline within days (Orwin & Wardle 2004), whereas plant biomass may
take weeks or months to recover (Wright et al. 2017). Ideally, more than two measurements
would be made to increase the accuracy of recovery estimates, but this is more expensive
to implement.
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5.2 Resilience over larger temporal and spatial scales
The observational approaches described above can be extended to cover larger spatial and
temporal scales. This means that different systems will be subjected to different disturbance
timing, intensity and frequency, and systems will have inherent different underlying
properties (e.g. soil type, topography, background climate), all of which will have an impact
on farm system responses. For example, a disturbance event just after planting crops, during
pasture spring growth or at bud burst for grape vines, could have a more devastating effect
than one that occurs later in the season, and more intense disturbances usually have larger
impacts. This variability will need to be statistically controlled for, as this allows effects
arising solely from management to be quantified (Ingrisch & Bahn 2018). This could be done
by including variables such as soil type, climate, plant growth stage at the time of
disturbance, maximum soil water deficit, flooding depth, and disturbance duration in
models; some of these variables are already available in existing maps or databases. This
approach would also allow some assessment of the circumstances under which
management practices influence resilience. Experimental approaches could also be
implemented at multiple sites across New Zealand, but due to cost this would only be
practical for a limited number of sites.
A final option for quantifying resilience is to estimate variability in the quantity and quality
of food or plant biomass produced over time (e.g. using the coefficient of variance; CV). This
would provide a coarse indicator of the impact of natural environmental variability on
production, incorporate multiple systems and management approaches, and allow a longerterm view of system resilience, but would provide little information on resilience to extreme
events. Results would be dependent on how much variation in climate has occurred during
the period for which data are available. This approach could utilise farmer data or remote
sensing to measure biomass and areas planted in different crops and so would be costeffective to implement.

6

Sector context

In this section we discuss options and limitations for measuring resilience that apply to
specific sectors. Because all indirect measures are relevant to all sectors, they are not
explicitly included here.

6.1 Pastoral
The resilience of production in pastoral systems can be measured using any of the
approaches described above. Quantifying both resistance and recovery may be more
important for pastoral systems than the other systems discussed here, as the balance
between these two variables has implications for stocking rates. The main challenge with
pastoral systems is assessing what the most relevant baseline value is due to the impacts of
grazing on biomass and productivity. For observational assessments of the resilience of
production, variability in management practices such as pasture resowing, animal
movement between farms, and the impact of importing feed will need to be accounted for.
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Field measurements, remote sensing, and modelling of soil loss from pastures all suggest
the primary managed indicators of resilience to surface erosion are cover and soil
conditions/properties, along with slope, which is an inherited/environmental condition.
Because grazing intensity (density and duration) will primarily affect surface cover and soil
properties, while slope will remain consistent, modelling changes to cover and soil
properties are a way to evaluate how grazing management will affect surface erosion
(Donovan & Monaghan, in review).
AgResearch is currently modelling the impacts of grazing on ground cover, soil physical
properties, and soil losses at national scales to be used in national erosion modelling efforts,
in collaboration with Manaaki Whenua – Landcare Research (Donovan, in review). Such
models could be adjusted and updated to incorporate different grazing strategies that
retain cover or reduce mob densities to mitigate soil compaction. At finer scales, field
measurements of site-specific soil losses will be highly accurate when comparing paddocks
with varying durations of bare period. The erosional resilience of a paddock might be
increased if it is direct-drilled instead of ploughed.

6.2 Arable
Most of the approaches identified above can be applied to arable systems. Baseline values
for particular crops can be estimated using space-based remote sensing to measure or
predict arable crop yield. This normally relies on field measurements of the arable crop
under consideration and the area over which it has been sown. From this, estimates of yield
and the uncertainty/variability of those estimates can be made. With adequate information
on soil properties and expected precipitation or irrigation, this information can be estimated
as early as at the planning stage. Modifications to the estimated yields can be made as the
crop grows, based on updated/improved model inputs such as weather events and
irrigation, among other factors. Recursive/iterative modelling processes that incorporate
‘hindcasting’ can help improve forecasting modelling scenarios. The most difficult approach
to apply in arable systems is assessing resilience over multiple years and disturbance events
using a coefficient of variation or similar metric, as variation in responses caused by crop
rotation and cover crop practices would need to be accounted for.
Within arable systems the best indicators for evaluating resilience to surface erosion are
typically vegetation cover and slope, followed by inherent soil properties. Because land
management of arable lands will predominantly affect surface cover and soil properties,
modelling the impact of management decisions (i.e. tillage and crop type/density) to cover
and soil properties is one way to evaluate the change in surface erosion. Current erosion
models could be adjusted and updated to incorporate management practices of arable
lands, such as ploughing strategies. For example, there are differing impacts from ploughing
across slope as opposed to downslope ploughing (e.g. Marques da Silva et al. 2004). At a
minimum, and without specific land management decision information, the fraction and
density of ground cover throughout the year can be used to assess resistance to surface
erosion using models based on empirical measurements.
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6.3 Viticulture
Most approaches described above can also be applied to measure resilience of production
in viticultural systems. The main exception to this is that imposing a drought or flooding on
intact cores from these systems is unlikely to yield relevant information, as the vines
themselves cannot be removed. Measuring variability over multiple years and disturbance
events would best be achieved using site-specific data of grape production and quality (e.g.
farmer-collected data), as it may be difficult to distinguish vine biomass, which is the primary
variable of interest, from inter-row vegetation using satellite-based remotely sensed data.
Geospatial modelling solutions can be applied for estimating changes to surface erosion
arising from ground cover changes, as in the other sectors.

7

Conclusion

Across all sectors, indirect measurements are relatively inexpensive and can be implemented
over a wide spatial scale (Table 1), especially if collaborating with farmers to collect data or
soil samples. However, the extent to which indirect measurements can accurately predict
actual resilience remains uncertain, particularly for productivity . Using indirect measures to
estimate resistance to surface erosion (e.g. ground cover) provides a greater degree of
certainty for estimating the net impact on soil loss from farm systems arising from surface
erosion and can be modelled at broad scales. In both cases, it would be beneficial to validate
the indirect variables with direct measurements of resilience and soil loss.
Experimental approaches to understand plot-scale resilience provide accurate results
(Table 1), with the downside being that they can be expensive and are largely reliant on
scientists rather than farmers. While it is more difficult to scale up to other climates,
experimental work can be valuable for establishing or validating the usefulness of indirect
and observational approaches and is more likely to gain insight into mechanistic
relationships.
Local-scale observational approaches to specific flooding or drought events tend to be less
accurate than experimental approaches, but they do provide broad insight into trends
across a wider range of systems and disturbance types (Table 1). In doing so, the results are
more scalable and easily translated to societal relevance. Further, they are used on farm
systems that have not been modified or adjusted for experimental purposes. We suggest
such approaches should be based on remote sensing in combination with data collected by
farmers, thereby providing relatively inexpensive and reproducible methods. Extending
these approaches across larger temporal and spatial scales to include all environmental
variation provides limited information on extreme events but would give a different
indication of whether management influences resilience on an inter-annual scale. Broadscale observational approaches can also include modelling to project various scenarios, such
as land-use scenarios or changes in precipitation modelling to understand differences in
soil loss.
Based on our analysis, we suggest a series of measurements to understand the impact of
regenerative management practices on resilience. Measurements of soil health properties
(e.g. soil macroporosity, infiltration rates, aggregate stability, soil carbon, plant cover) that
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are known to indirectly support resistance to, or recovery from, drought and flood could
serve as useful and comparable indicators of resilience across sectors. Direct measurements
of productivity and quality throughout periods of disturbance will be necessary to fully
understand a farm system’s ability to resist and rebound from flood and drought conditions.
These direct measurements of system resilience could be supplemented by measures of soil
health (e.g. porosity, aggregate size and stability, nutrient availability, and food webs) over
time, to provide information on the resilience of the soil system and mechanistic
understanding of why systems differ in their responses. To improve the scalability of results,
we also recommend incorporating the use of remote-sensing measurements at larger
spatial and temporal scales (e.g. over 5 years to account for inter-annual variability and longterm resilience). Site selection should ensure that inherent properties that influence
resilience (e.g. slope and soil type) can be controlled for, and that comparisons across both
less and more extreme events can be investigated. Together, this hierarchy of measurements
would provide a comprehensive understanding of (1) whether RA practices alter resilience
to drought and flood compared to current management practices under a range of
disturbances, and (2) what mechanisms support such resilience.
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Table 1. Summary of potential approaches to measuring resilience
Indicator

Method

Use:
C = cheap; A = accurate;
S = scalable; R = more
research req.

A

C

S

Reference

R

Priority:
1 = Must; 2 = Maybe;
na = not applicable.
In D = dairy; S =
sheep & beef; A =
arable; V = viticulture
D
S
A
V

Indirect indicators of resilience
Soil physical measurements
Porosity

✓

✓

✓

✓

Hirmas et al. 2018

1

1

1

1

Infiltration

✓

✓

✓

✓

Hirmas et al. 2018

1

1

1

1

✓

Saetre 1998

1

1

1

1

✓

Franzluebbers 2002; Gould et al.
2016; Pérès et al. 2013

1

1

1

1

✓

Water-holding capacity
Stable aggregates

Soil chemical measurements

Soil organic matter
content

% carbon

✓
✓

Loss on ignition
Soil nutrients

Mineralisable nitrogen, Olsen
P etc

✓

✓

Hudson 1994; Minasny & McBratney
2018

1

1

1

1

✓

Ball 1964

2

2

2

2

✓

Gessler et al. 2017

2

2

2

2

Biological measurements
Microbial indicators

PLFA

✓

Metabarcoding
Plant community

✓

Vegetation survey
Plant cover
Biomass/quality

✓

✓

✓

Bardgett et al. 1996; Bligh & Dyer
1959

2

2

2

2

✓

Wood et al. 2017

2

2

2

2

✓

Hurst & Allen 2007

2

2

2

2

Jung et al., 2020

1

1

1

1

See Schon et al., 2021a
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Potential issues under
regen. agriculture

Indicator

Method

Use:
C = cheap; A = accurate;
S = scalable; R = more
research req.

A
Remote sensing

C

S

R

✓

✓

✓

Reference

Jensen 2000

Priority:
1 = Must; 2 = Maybe;
na = not applicable.
In D = dairy; S =
sheep & beef; A =
arable; V = viticulture
D

S

A

V

2

2

2

2

Direct measurements of resilience – multiple measurements made through time
Local scale, single disturbance, experimental
Biomass/quality measures

✓

See Schon et al., 2021a

1

1

1

1

Soil physical measurements

✓

See Schon et al., 2021b

1

1

1

1

Soil chemical measurements

✓

See Schon et al., 2021b

1

1

1

1

Soil biological measurements

✓

See Schon et al., 2021b

1

1

1

1

McNeill et al. 2010

1

1

1

1

Local scale, single disturbance, observational
✓

Biomass/quality measures

✓

Soil physical measurements

✓

✓

See Schon et al., 2021b

2

2

2

2

Soil chemical measurements

✓

✓

See Schon et al., 2021b

2

2

2

2

Soil biological measurements

✓

✓

See Schon et al., 2021b

2

2

2

2

✓

Remote sensing
Proximal sensing

✓

✓

✓

1

1

1

1

✓

✓

1

1

1

1

2

2

2

2

Larger spatial and temporal scales, multiple disturbances
Biomass/quality measures

✓

Remote sensing

✓

Proximal sensing

✓

✓

✓

1

1

1

1

✓

✓

2

2

2

2
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Potential issues under
regen. agriculture

Currently unable to
distinguish some plant
community
compositions

8
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