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The importance of
Incorporating geology, soil, and
landscape knowledge in
freshwater farm planning in
Aotearoa New Zealand

Lucy Burkitt* and Michael Bretherton

Farmed Landscapes Research Centre, School of Agriculture and Environment, Massey University,
Palmerston North, New Zealand

Over half of Aotearoa New Zealand's (NZ's) land area is under agriculture or
forestry production. Long term monitoring has shown declines in freshwater
quality in regions with the most intensive agriculture. The New Zealand
government has historically focused on reducing the impact of agriculture
on water quality through its Resource Management Act 1991. Lack of
improvement in freshwater quality has resulted in the 2020 Essential
Freshwater package of reforms which will require all pastoral farms >20 ha in
size and all arable farms > 5 ha in size to develop a Freshwater Farm Plan (FFP)
by a certified Freshwater Farm Planner. As far as we are aware, New Zealand is
the first country in the world to mandate compulsory FFPs. This paper
describes the key geological, soil, and landscape factors that need to be
considered in an FFP for it to be successful in meeting the 2020 Essential
Freshwater objectives. We argue that a greater emphasis should be placed on
understanding a farm'’s natural resources, as they provide the physical interface
between the farming system and both the freshwater and atmospheric
ecosystems. Documenting our learning in this area could assist other
countries considering Freshwater Farm Planning as a strategy to reduce the
impact of agriculture on freshwater quality.
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Introduction

Forty-eight billion dollars’ worth of export revenue was
generated from agriculture in Aotearoa New Zealand (NZ) in
2020, making it one of the country’s largest export earners. Dairy
(42%), meat and wool (22%), and horticulture (13.5%), are the
dominant industries (1) with over half of NZs entire land area
under agriculture or forestry production. Sheep, beef, and dairy
farming make up the majority of this production area (11.2
million ha, 81%) (2). Half of NZ’s river length drainage
catchments are described as having a ‘pastoral land cover class’
(3) and are defined as having < 15% urban land use and > 25% of
land under pastoral agriculture, which is predominantly grazed by
dairy, beef, and sheep. Other significant land uses within this land
cover class include horticulture and arable crops.

New Zealand has more than 70 major rivers, with streams
and rivers covering a total length of 425,000 km, half of which
are headwater streams (4). Rivers are generally characterised as
being fast flowing, comparatively short and generally unstable
(4), whilst lakes are commonly volcanic or glacial in origin.
Nationally important waterways in New Zealand have been
classified in to 7 biogeographic regions based on physical
disturbances (Last Glacial Maximum, volcanic eruptions and
seismic activity), biotic distributions and genetic similarity
between populations (5). National water quality monitoring
has shown that the concentration of nitrogen (N), phosphorus
(P), sediment, and E coli contaminants have increased, and
ecological health indicators have decreased, as the percentage
of pastoral and urban land cover in upstream catchments has
increased (6). As a result, the quality of freshwater in New
Zealand is of significant concern to the New Zealand public, with
water related issues rated as the most important environmental
issue facing NZ, along with a perception that agriculture is one of
the three main causes of freshwater degradation (7). In response
to this societal and political pressure, the NZ Government has
historically used policies such as its Resource Management Act
1991 as an instrument to protect freshwater and freshwater
ecosystems. This Act states that the responsibility of protecting
freshwater and freshwater ecosystems sits with NZs regional
governing bodies (Regional Councils). However, improvement
of freshwater quality has not met societal expectations for clean
water suitable for recreational activities, due to challenges
associated with regulatory limitations, lack of landscape/
catchment approaches, and the difficulty of addressing more
diffuse forms of contaminant loss that are typical of agriculture.
A new suite of regulations, the Essential Freshwater Package, was
introduced in 2020 which places the wellbeing of water as the
highest guiding principle (Te Mana o te Wai) and acknowledges
and values the role of Maori (the indigenous people of Aotearoa)
in its decision making.

A key policy instrument in these new reforms is the
compulsory requirement for all pastoral farms >20 ha in size,
and all arable farms > 5 ha in size, to develop a Freshwater Farm

Frontiers in Soil Science

02

10.3389/fs0il.2022.956692

Plan (FFP) by a certified Freshwater Farm Planner, starting in

3

2022. These plans have the specific purpose “....to better control
adverse effects of farming on freshwater and freshwater
ecosystems within specified districts, regions, or parts of New
Zealand through the use of certified freshwater farm plans.” (8).
Although soil and water conservation plans, whole farm plans,
and farm environment plans, have long been used in NZ (9-11)
to minimise soil erosion and reduce agricultural impacts on the
surrounding environment, this is the first time farm plans will be
specifically used to protect NZ freshwater. As far as we are aware,
NZ is the first country in the world to mandate compulsory FFPs
(11, 12).

Comprehensive Freshwater Farm Planning requires an
understanding of the farmer’s values and goals for their farm,
business, and family. To address Te Mana o te Wai, it is critical
that the plan takes account of the farm’s location within the
catchment, understands the catchment’s cultural and
community values, the waterways interacting with the farm,
and prioritises the freshwater issues of greatest concern.
Freshwater Farm Plans will also be used by the government as
a tool to demonstrate compliance with national regulatory
requirements, such as meeting its Nitrogen Fertiliser cap
policy and Intensive Winter Grazing requirements (13). To
meet the primary objective of controlling or reducing the
adverse effects of farming on freshwater and freshwater
ecosystems, these plans need a comprehensive approach to 1)
understanding the geology, soil, landscape resources, and long
term climate patterns, and how these are likely to influence the
spatial and seasonal changes in the types and pathways of
contaminant loss, 2) understanding the farm system and
particular management practices which increase the likelihood
of contaminant loss to freshwater, and 3) integrating the farm’s
physical resources with farm management practices to identify
and prioritise risk, and to recommend mitigation strategies
which are practical and effective. These recommendations need
to consider the farmer’s economic and human resources, and
then need to be prioritised and costed to allow the farmer to
address issues sequentially and pragmatically. The role of the
farmer in this process cannot be understated, as targeted on-
farm actions to mitigate contaminant loss risk must result in
measurable improvements in freshwater outcomes for the
Essential Freshwater policy to be effective, a challenge also
recognised internationally (14).

To be effective in meeting freshwater quality and freshwater
ecological objectives, FFPs need to do more than just meet
industry-defined Best Management Practice (BMP). For some
farms in some catchments, best practice will not be sufficient, since
BMPs are often generalised and are not specific enough to target
the unique physical resource and management aspects of the farm
being surveyed. For example, intensively grazed farms with well
drained soils and high rainfall may have a high risk of nitrate
leaching and may not be able to meet the Essential Freshwater
Package objectives by just meeting BMPs associated with N
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fertiliser use or grazing management. More specific and targeted
mitigation strategies are likely to be needed on these farms.
Freshwater farm planners who can confidently identify the
contaminant of highest risk, the likely pathway for its loss, and
the natural resource and climatic factors contributing to and
exacerbating this risk, will play a critical role in the successful
implementation of the Essential Freshwater policy and its longer-
term objectives in improving NZs freshwater outcomes.

The Essential Freshwater objectives, national standards, and
timeframes have now been written into NZ’s legislative
framework, and this has created an urgent and critical need to
train rural professionals to develop the multidisciplinary and
integrative skills required to deliver FFPs to a high standard, and
thus resulting in tangible improvements in freshwater outcomes
throughout the country. Through the accumulation and
synthesis of academic research, combined with decades of
institutional experience in the fields of geology, soil and
landscape patterns, and their interaction with agricultural
management practices influencing contaminant loss processes,
we are well placed to contribute to the current debate regarding
which essential elements an FFP should encompass to achieve
successful freshwater outcomes. This paper aims to provide a
perspective to aid policy planners and prospective Freshwater
Farm Planners to help identify those key aspects which need to
be addressed in an FFP to reduce risks to freshwater quality from
agricultural production systems.

Geology

Geology is often overlooked when contaminant loss from
farms is considered because it is often not visible and requires
specialist training to interpret its role. However, we argue that
geology is one of the more important resources to identify and
interpret in an FFP as it has a significant influence over both the
contaminant types lost from farms and the pathways by which
they are lost. For example, the geology underlying a farm
influences the likelihood of soil erosion and sediment loss to
freshwater by influencing erosion type and severity, primarily via
the combination of slope and the susceptibility of the rock to
weathering. Geology also dictates the type and stability of soils
developing above the rock. Over the last 25 million years, New
Zealand has experienced rapid uplift, due to subduction processes
between the Pacific and Indo-Australian tectonic plates. Today,
this uplift has exposed many areas of quartzo-feldspathic marine
sedimentary rocks. These consist of relatively unconsolidated
mudstones and sandstones which are susceptible to erosion
under New Zealand’s rainfall and temperature regime, and
which overlie older and much more consolidated mudstones
and sandstones (argillites and greywackes, respectively). These
consolidated marine sediments have become more frequently
exposed in higher uplift areas parallel to the plate boundary.
Subduction arc volcanism has added complexity to NZ’s base
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marine sedimentary geology with volcanic tephra deposits such as
pumices, and andesitic and rhyolitic ashfalls (15). Soils developing
directly from the consolidated marine sedimentary rocks tend to
be more stable and resistant to erosion, whilst those developing
from the unconsolidated mudstone and sandstone rock types or
are forming from unconformable airfall material such as loess and
volcanic airfall deposition, are more susceptible to erosion
processes. Underlying aggradational alluvial gravels (sourced
from very high erosion rates of greywacke rock during global
cold climate cycles) often have a well-established hydraulic
connection to ground and surface water bodies. Thus, field
recognition and inclusion of geological features is crucial in
terms of understanding potential ‘hidden’ pathways of nutrient
loss and erosion processes. A farm with underlying alluvial gravels
located adjacent to a river with a significant nitrate water quality
issue may need more aggressive nitrogen management to reduce
the risk to that freshwater body. In contrast, finer soil texture,
drainage class, and a finer-textured underlying rock type can
influence the biogeochemistry of the sub surface environment,
creating redox conditions which facilitate the denitrification of
nitrate to inert N gas and reduce the risk of nitrate loss to ground
and, eventually, to surface water (16).

Most of NZ’s public domain geological data is available at a
scale of 1:250000, is presented as lithological and stratigraphic
units rather than susceptibility to weathering, and often ignores
important (in the context of this discussion) loosely consolidated
overburden material such as loess and tephra deposits. However,
this dataset does provide the FPP planner with some sense of
rock types that are more likely to be encountered when
undertaking a farm survey. A separate (and potentially more
useful) public domain database is NZ’s Land Use Capability
(LUC) dataset containing rock types nominally mapped, in
terms of weatherability, at a scale of about 1:50000. Despite
the availability of these datasets, geological mapping is not at a
scale sufficient to meet the farm-scale analysis (~1:10000)
required for the formulation of robust FFPs.

Soils

Soil types are a product of the weathering process of a farm’s
underlying geology and are influenced by the five key soil forming
factors of climate, vegetation, topography, parent material, and
time. In combination, these factors control the physical, biological,
and chemical weathering processes that influence soil properties
such as texture (the percentage of sand, silt, and clay size fractions),
nutrient adsorption properties, hydraulic conductivity, water
storage buffering under dry conditions, and structural
susceptibility to animal pugging, compaction, erosion, and
resilience to cultivation. The appropriate scale of spatial
distribution and correct identification of soil types are paramount
to achieve an accurate assessment of contaminant loss risk in
Freshwater Farm Planning. New Zealand soils have historically
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been mapped at a regional scale (1:50000), with their chemical and
physical properties and spatial distribution publicly accessible
through a central data base called Smap online (17). However,
this scale is often too coarse to accurately define soil types and
boundaries at the farm scale (18) which is required for the
formulation of robust FFPs which requires analysis of data at the
farm scale.

Accurate identification of soil types and soil properties is a key
component of contaminant loss risk and pathway identification.
For example, soils which are shallow, coarse-textured, and have a
low P sorption capacity, are very susceptible to P leaching and
potentially surface runoff loss (19). Such soils represent an
extreme risk of contaminant loss to freshwater if they are
receiving surface applications of animal effluent (20). If regional
scale soil mapping suggests the soil type receiving this effluent
application has a high P sorption capacity when, in fact, farm scale
mapping shows that the soil has low P sorption and is at risk of P
leaching and surface runoff loss, the objectives of the FFP in terms
of “... to better control adverse effects of farming on freshwater
and freshwater ecosystems.” will be compromised and improved
freshwater outcomes will not be achieved. A particular example is
the complex of low P sorption Gley (Sulphaquepts, Aquepts or
Aquents, Aquox) and high P sorption Allophanic (Aquands,
Cryands and Udands) soils (21, 27) found in parts of the
Waikato region of NZ where intensive dairying (with its
associated high rainfall (> 1000 mm/pa) and high P fertiliser
application rates) dominates agricultural systems.

It is essential that Freshwater Farm planners have the
necessary skills to ground-truth and validate soil types and
boundaries on the farm to undertake contaminant loss risk
assessments using appropriate information mapped at the farm
scale. A survey on farm planning practices conducted in 16
regional council bodies in NZ between 2001 and 2004 found
that only one of the 20 different plan types involved developing a
farm scale soil map (10). Manderson and Palmer (18) argue that
the provision of appropriately scaled soil data is economically
feasible and in line with practices used in other strong agricultural
countries within Europe and the United States of America.

Landscape classification and
sustainable production

Land Resource Inventory and Land
Use Capability

NZ’s Land Resource Inventory (LRI) and LUC (22) is a land
use classification system derived from that used in the United
States of America (9). The LRI database (23) contains five physical
factors (rock type, soil type, slope, erosion type and severity,
vegetative cover) which have been regionally mapped at 1:50000
scale to objectively identify and define landscape polygons in
terms of their erosion susceptibility. Each polygon is then assessed
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in terms of its capability for long-term sustainable production
[classed from 1 (most versatile) through to 8 (severe limitations)],
the major limiting factor for sustainable production (erosion,
wetness, soil properties, climate), and the suite of management
practices required to ensure long term sustainable land use. These
three assessments are encapsulated in the polygon’s LUC code.
Whilst the LUC assessment of a landscape unit (or polygon) is
somewhat subjective and may differ to some degree between LUC
assessors, its greatest value lies with the associated LRI database
which is an objective measurement of the five physical factors
influencing erosion type and severity. New Zealand’s agricultural
land area has been regionally mapped in this manner and is
publicly available. Although the mapping scale is not ideal for the
farm-scale analysis required for robust FFPs, the LRI database
does provide very useful indicators regarding the approximate
type and spatial distribution of rock and soil types, slope, erosion
types and severity, and vegetative cover on and adjacent to the
farm. Slope information can be enhanced by the increasing
availability of very high resolution (metre-scale) digital elevation
models (DEMs) which now cover significant areas of NZ, and can
be processed, using a suitable GIS package, to produce high
quality slope, aspect, and waterflow pathway maps.

The LRI/LUC system was first developed in 1969, primarily to
address increasing erosion severity observed in NZ since the 1930s
and does not consider nutrient loss risk (particularly nitrate).
However, it is still relevant in terms of minimising the adverse
effects of agriculture on freshwater quality, primarily in terms of
the objective measurement of erosion type and severity which
contribute significantly to the sediment loads (and thus freshwater
quality) of several NZ waterways (24). This assessment allows a
targeted response to erosion type and severity, increasing the
likelihood of successful mitigation strategies and reducing
sediment loads to waterways.

Land management units

To help identify and assess risk to freshwater quality,
freshwater farm planners need to bring together their
understanding of geology, soil type, and landscape features, and
overlay this with an understanding of farm management practices,
to enable identification of different land management units
(LMU) within the farm. Land management units are important,
as they group areas of the farm that respond in a similar way to
similar management practices, thus simplifying the process of
identifying the farm’s risk to freshwater quality. For example,
areas of the farm which have flat topography and are poorly
drained, may be prone to animal pugging damage, especially when
grazed by heavier stock classes, increasing the risk of sediment,
nutrient, and pathogen loss, via surface runoff (Figure 1).
Identification of these areas then allows planners to target
specific management or mitigation strategies to individual
LMUs to minimise risk to freshwater.
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FIGURE 1
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+

Irrigation use and
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-+
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Example of how a farm can be separated into different land management units (LMU) to help identify the likely risks to freshwater and thus
target mitigation strategies. LRI: Land Resource Inventory, LUC: Land Use Classification

Determining risk to freshwater

Identifying the risk to freshwater that each farm LMU poses
requires a detailed understanding of sediment, nutrient, and
pathogen sources, nutrient cycling within a farm system, and
loss processes operating at the farm scale, a topic which is not the
subject of this paper. Determining risk can be subjective as the
planner will need to draw on their own knowledge and
experience to assess and rank nutrient and farm management
with respect to long term seasonal climate patterns and the
farm’s natural resources. This process can be assisted using farm
scale contaminant loss models, but these are not always reliable
or do not cover the range of contaminants of concern.
Freshwater Farm planners also need to understand the
importance of contaminant connectivity when assessing risk.
For example, eroded soil which travels across a gently sloping
100m long paddock consisting of soils with good drainage
properties will pose a lower risk than soils (with similar
drainage properties) eroding from a steep hill side located 5 m
above a flowing stream. The importance of identifying critical
source areas (CSAs) within the farm have been well documented
(25, 26) and planners must correctly identify and rank CSAs in
terms of their contaminant loss risk and their connectivity to
ground or surface water.

This risk assessment highlights the importance of ensuring
that Freshwater Farm Planners have the highest level of
knowledge and integrative skillsets to understand how
underlying geology influences soil properties and nutrient
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transport processes and attenuation, how climate and landscape
features influence when and how contaminants will be lost and,
finally, how the complex farm system may interact with these
features to exacerbate the risk of loss, and which management
strategies will best mitigate this loss. It is hoped that the NZ
government’s proposed Freshwater Farm Planning certification
scheme will be sufficiently stringent to ensure that the Essential
Freshwater policy is delivered by highly skilled and experienced
planners and that the auditing process serves as a robust means by
which FFP recommendations are implemented by the farmer.

Conclusion

This paper provides a perspective drawn from the authors’
experience in soil science research and in teaching, both at the
undergraduate and postgraduate level, and in the delivery of
professional short courses related to the topics of sustainable
nutrient management and freshwater farm planning. With the
recent introduction of the Essential Freshwater Package into
NZ’s legislative framework and the requirement that most farms
will be required to develop an FFP, there is an immediate need to
provide the training and education of professionals interested in
becoming FFP planners.

These relevant skill sets require the ability to integrate both
farm management practices, and knowledge of farm systems
with an understanding of the processes associated with the
farm’s physical resources. A robust FFP will require analysis at
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the farm scale. Whilst information and skills associated with the
farm system and management practices is often readily available
at this scale, the mapping scale of physical resource data is not,
and is often only available at a regional scale. Coupled with this
is the scarcity of people who are comfortable with soil and
geological processes relative to those familiar with farming
systems and the use of nutrient budgeting models. We feel
that a stronger emphasis needs to be placed on the importance
of geology, soil, and landscape knowledge in freshwater farm
planning to achieve measurable improvements in freshwater
outcomes for Aotearoa New Zealand.
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