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EXECUTIVE SUMMARY
In 2017, 4 ha of dairy pasture in Nikau Farm were transformed into a swamp maanuka
dominated ecosystem for investigating the role of this plant species in mitigating water
pollution from farming activities. This project, initially funded by Waikato River Authority,
became a multidisciplinary research venture, which further investigated how riparian plantings
with native species can improve soil health and biodiversity, and recover the mauri of Lake
Waikare. Funding by MBIE Vision Matauranga Capability Fund, ESR’s Strategic Science
Investment Fund, and ESR’s Vision Master Scholarship, and Waikato Regional Council
facilitated the multiple findings summarised in this report.
The 4-ha planted were divided in two plots of 1.6 ha and 2.4 ha respectively. The 1.6 ha plot
is located in a riparian band 20 - 30 m wide with a gentle slope towards a drain that discharges
into Lake Waikare. Most of the research happened in this plot, called the Experimental Plot.
The Experimental Plot was divided into three plots planted solely with swamp-maanuka, three
unplanted plots called Control, and four plots in between the maanuka and control plots
planted with a mixture of 20 other species that grow naturally in this region and in this
environment. The experimental plot was equipped with a series of measuring devices to collect
data and samples of runoff, soil moisture, electrical conductivity and temperature, rainfall,
weather, and water table depth. Additionally, regular plant growth and soil quality monitoring
took place.
The main results and conclusions of this project are:
How to establish native ecosystems in agricultural systems in Lower Waikato
The cost of native plantings is largely determined by the cost to purchase native seedlings. It
is therefore cheaper to plant at a lower density. However, for trees that have a slow growth
and/or low crown volume, planting at a higher density will result in faster canopy closure,
reducing the need to weed and therefore offsetting planting costs to some extent.
At a lower planting density, some plants might not have large enough crown diameters to
achieve a closed canopy. Planting density will therefore depend on the size of the plants and
their crown volume. For example, small leaved Coprosma spp. need to be planted closer
together than large leaved species such as karamu (Coprosma robusta). In drier areas, where
larger and fast-growing trees were planted (such as akeake), canopy closure might happen at
a lower density.
If plants are planted at a high density, they are expected to self-thin after canopy closure. At
this point the plants increase in height more than crown diameter. The trees that die due to
self-thinning can create a suitable habitat for insects, fungi and other microfauna, which can
increase biodiversity, especially the diversity of invertebrates and as a consequence, other
animals feeding on them.
Weeds will only need to be suppressed until native plants can outcompete them, i.e., when
the native plants are higher than the weeds. The requirement for weeding will depend on the
weed species and their growth. We found that in this environment fleabane and pasture,
mostly Dactylis glomerata and Lolium spp. do not smother the plants and require little
management. This means that native seedlings can be planted at a lower density.
Areas that previously received high fertiliser inputs can have nutrient concentrations that are
too high for some native plants to thrive. Plants that are susceptible to high nutrient
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environments might not do well at such locations. It is therefore important to determine the
nutrient content of the soil prior to planting. Maanuka, for example, should not be planted at
such sites due to its high susceptibility. Instead, a buffer of other plants can be used.
Native riparian plantings with maanuka dominated ecosystems to reduce nitrate losses
In the subsoil, higher concentrations of nitrate and higher soil moisture were both measured
in soil of the control plots than the maanuka plots. It is therefore likely that nitrate losses are
higher from the control plots than the maanuka plots.
Natural water regulation is a likely reason for this different risk of nitrate exports. This is due
to the “umbrella effect” or rain interception by maanuka canopy, which reduced the amount of
water that arrived at the soil compared with control. Having less water in the soil reduces the
risk of nitrate leaching. Increased infiltration by preferential flow created by taproots is another
mechanism by which maanuka can affect water flux. Increased infiltration would have
produced a lower volume of runoff collected in maanuka plots compared with control plots.
However, the high variability in the runoff results made it impossible to identify this potential
effect. Further mechanisms that could affect the nitrogen cycle in the soil-plant-water system
are plant uptake and transpiration, accumulation of leaf litter in the soil, and interaction with
the microorganisms responsible for the mineralization, nitrification and denitrification in the
soil. However, given the complexity and interrelations of these factors, it is impossible with our
dataset to establish the exact reason for the differences in nitrate losses in maanuka vs
control.
Maanuka dominated ecosystems to improve soil health
We demonstrated that the soil quality can be improved with riparian plantings. This allows
increased infiltration and higher retention of nutrients, which is expected to contribute to an
improvement in water quality. It can be expected that the transformation of the riparian zone
into native vegetation will further continue to impact the soil physical parameters, such as soil
density and macroporosity. A decrease in soil density and increase in soil macroporosity will
allow better infiltration and make the land more resilient to heavy rainfall events.
Two years after planting, the effect of the riparian planting on soil insect diversity was more
pronounced than the effect on soil quality. Therefore, when considering soil health, the
diversity of arthropods would be an important component to complement the more common
analysis of soil physiochemical parameters. Long-term monitoring of chemical and physical
soil properties by regional councils has shown these measurements are useful over five to ten
years.
Further research opportunities
The results obtained in this project are fundamental to plan future riparian plantings in the
Lower Waikato Region. However, a key unknown is how nutrient fluxes will change as the
ecosystem ages, and mostly, what role the mixture of species plays in the movement of
contaminants. These mixed plots have been less studied than the maanuka plots, and most
likely will offer wide ranging results depending on individual species, or combinations of them.
We suggest that the experimental site be maintained and monitored to address this critical
question. Further opportunities arise from the potential carbon sequestration that the plots
could offer by increasing biomass and carbon retention in the soil. There is still a lacuna of
knowledge about the inclusion of natural ecosystems in the carbon credits scheme. In addition,
there are abundant opportunities to study a wider range of organism taxonomic rank’s, such
as archaea, bacteria, and eukaryote.
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1. INTRODUCTION AND BACKGROUND
The pollution of freshwater bodies is a global problem that affects not only the aquatic and
terrestrial ecosystems that depend on them, but also hinders the capacity of people to use
that water for drinking, recreation or harvesting food. In Aotearoa, it is estimated that between
67 % and 77 % of the lakes in urban, pastoral or forestry areas are in poor ecological health
(MfE & NZ, 2020). Although there are numerous, overlapping and cumulative drivers for this
degradation, the pollution caused by nutrients (such as nitrogen and phosphorus), pathogens,
and sediments is a fundamental cause that needs priority attention (MfE & NZ, 2020).
In rural areas, fencing off waterways has demonstrable benefits by preventing livestock access
to water and causing bank erosion. Installing riparian plantings in such fenced-off areas
provides further benefits by increasing the filtration of contaminants and bank stabilisation
(Barling & Moore, 1994; Parkyn, 2004). Riparian zones can fulfil a multitude of functions to
improve water quality. These include filtration of surface runoff reducing in-stream
sedimentation and nitrification (Fennessy & Cronk, 1997; Mayer et al., 2007), minimization of
peak flood flow, bank stabilization, stock exclusion, stream temperature regulation (Parkyn &
Davies-Colley, 2003), provision of organic matter in-stream as a food source, and provision of
habitat for fish and aquatic invertebrates (Collier et al., 1995; Collins et al., 2013; Parkyn,
2004). Forested riparian bands are more effective at reducing nitrogen (N) losses than
herbaceous bands (Fennessy & Cronk, 1997; Haycock & Pinay, 1993; Neilen et al., 2017)
because the deeper roots of trees allow a better N uptake in larger volumes of soil. Trees have
greater biomass (both aerial and underground) than herbaceous plants and provide more
organic carbon in deeper soil horizons (Neilen et al., 2017). However, other evidence showed
that grassy buffers might be more efficient than woody buffers at filtering sediments and
particulate-bound contaminants such as phosphorus (Fennessy & Cronk, 1997; Mayer et al.,
2007). Plants with biological nitrification inhibition activity can further reduce the loss of N into
waterways. Research with laboratory, lysimeter and small field trials demonstrated that
bioactive plants such as maanuka and kaanuka affect the cycling of nitrogen in the soil, and
consequently reduce the leaching of nitrate compared with other non-native plants (J.
Esperschuetz et al., 2017; Franklin et al., 2017; Halford et al., 2021). These plants also
enhanced the die-off of pathogenic organisms in wastes that passed through their root
systems (Gutierrez-Gines et al., 2021; Prosser et al., 2016). The results of these experiments
indicated that maanuka and/or kaanuka could potentially reduce two of the main causes of
water quality pollution in rural areas in Aotearoa: nitrogen and pathogenic organisms, indicated
by the presence of Escherichia coli (E. coli). We hypothesised that incorporation of maanuka
into biodiverse riparian plantings could potentially filter and inactivate pollutants from intensive
agriculture leading to greater improvements in water quality.
Lake Waikare, in the Lower Waikato catchment is one of the most degraded lakes in Aotearoa.
Decades of intensive land-use practices including pastoral farming and production forestry
have expedited erosion of soil in the wider catchment, resulting in large sediment and nutrient
loads entering the lake. In addition, the flood control scheme established in the 1960s modified
the natural hydrological regimes of the lake and adjacent wetlands. Intensive dairy farming in
the areas adjacent to the lake are also a source of nitrogen, phosphorus, and pathogens to
the lake. As a result of those impacts, the lake is currently shallow with a mean depth of 1.5
m, and is considered to be hypertrophic, experiencing a high degree of year-round turbidity
and prone to regular algal blooms due to elevated nutrient levels and warm water conditions
(Lawrence & Ridley, 2018). Loss of biodiversity in the Lake Waikare Catchment is also
pronounced due to changes in land-use and the loss of approx. 67 % of the wetlands (Reeves
4

et al., 2012). For generations, the lake and surrounding wetlands have been important to local
iwi as they provided sustenance to the communities living around. The lake and wetlands were
a source for mahinga kai (food gathering), a source of irrigation for food crops, and a site of
cultural and spiritual significance. For this reason, there is a significant effort by the local
authorities and iwi to restore the mauri (health) of Lake Waikare with a multitude of projects
and strategies, riparian and native plantings being one of them.
In this context, we established a field experiment to investigate if maanuka-dominated riparian
ecosystems could improve water quality in Lake Waikare. This experiment was funded by the
Waikato River Authority. However, we soon realised the potential of such an experimental
setting to investigate further benefits of riparian plantings, such as soil health and biodiversity
recovery. Given the loss of three quarters of the indigenous forest cover since the arrival of
humans to Aotearoa (Ewers et al., 2006), there is an opportunity to use these fenced-off
riparian areas for recovering indigenous riparian ecosystems that were lost. Beyond just
improvements to water quality, these ecosystems could provide further ecological benefits,
such as increasing biodiversity and ecosystems functioning, recycling of nutrients, habitat
enhancement, increasing pollination, and biological control of some pests (McKergow et al.,
2016; Wade et al., 2008). An appropriate monitoring and understanding of the systems we are
creating is necessary to assess all these potential benefits and ensure that the desired
objectives will be achieved (Miller & Hobbs, 2007) rather than creating green deserts (Bremer
& Farley, 2010).
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2. OBJECTIVES
This report provides a synthesis of the work that the multidisciplinary team (The Waikare
Learning Community – The Waikare Restoration Programme) has conducted in the
experimental plots, and an overview of the main results, learnings, recommendations, and
future opportunities that this project has created. Although this project started thanks to the
funds from the Waikato River Authority, many other projects have been carried out
concurrently (MBIE Vision Mātauranga Capability Fund, ESR’s Strategic Science Investment
Fund, ESR’s Vision Master Scholarship, and Waikato Regional Council). In order to provide a
holistic understanding of the maanuka-dominated ecosystems that we created, all the results
of these mentioned projects are collected in this report.
The main scientific goal of the Waikare Restoration Programme was to demonstrate the role
of maanuka-dominated ecosystems in restoring the mauri of Lake Waikare. Specifically, this
programme aimed to:
1. Demonstrate the potential of maanuka-dominated ecosystems to reduce nitrogen and
E. coli inputs into Lake Waikare from adjacent farming activities.
2. Understand how to transform highly productive dairy areas into native ecosystems.
3. Investigate how native vegetation, mostly maanuka, changes the soil quality, which,
as a result, will influence the filtration of contaminants into waterways.
4. Determine whether the newly created maanuka-dominated ecosystems can increase
the biodiversity in Lake Waikare catchment.
5. Provide recommendations for how to re-establish native ecosystems in the margins of
Lake Waikare and tributaries to improve water quality and enhance ecological values.
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3. MATERIALS AND METHODS
3.1

EXPERIMENTAL DESIGN, SPECIES SELECTION AND PLANT PLANTING

The planted area is located in the south margin of Lake Waikare, in Nikau Farm (-37.474036,
175.231869, Fig. 1), and both plots were dairy pasture prior to planting into native plants. The
dominant soil type is classified in the New Zealand Soil Classification as an Ultic soil, the
Mangatawhiri clay loam. Nikau Farm converted from dairy to arable cropping
(maize/watermelon/pasture annual rotation). The planted area was divided in two plots
adjacent to a slow-flowing tributary that enters Lake Waikare about 30 m downstream of the
plots. The Experimental Plot comprises of a 272 m x 30 – 50 m riparian band (1.6 ha) in a
gentle slope towards the drain of maximum 10°. The second plot (called hereafter Flat Plot) is
a 2.4 ha plot located on the north-western side of the same tributary, at a lower elevation than
the experimental plot and experiences periodic flooding.
The Experimental Plot was divided into 10 subplots: a) three 10 m-wide plots of exclusively
swamp maanuka, b) three 10 m-wide unplanted and unmanaged plots (referred to as controls)
to represent a scenario of a fenced-off unplanted riparian band, and c) four plots of varying
widths with a mixture of native plants listed in Table 1 (Fig. 1). The Flat Plot was planted with
the selected mix of species in a random pattern along the area.

Flat Plot

Experimental Plot

Fig. 1. A satellite photo of the two planted plots at Nikau Farm, and delineation of the different
treatment plots in the Experimental Plot. Pink plots represent swamp maanuka plots, green are
grass control plots, plots with mixed native species are located in between control and swamp
maanuka and are not coloured.
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The selected plant density was 1 plant/m2, which is the recommended density in restoration
plantings in this region (Department of Conservation, 2015). That equated to 40,000 plants
across the two plots. Due to the scientific and cultural objectives of this project, the variety of
maanuka locally known as swamp maanuka comprised 50 % of the total number of plants.
The other 50 % consisted of a mixture of early secondary succession species representative
of the ecosystems in the region (Department of Conservation, 2015), and some plant species
and canopy trees of cultural significance for the local hapuu. The final list of species was
agreed by the Technical Group and was dependent on plant availability at local nurseries
(Table 1).

Swamp maanuka

Central North Island

Plot 1 - mixed species
incl. swamp maanuka

Plot 2 – swamp maanuka

Plot 3 – control

Bloom 2 maanuka

Central North Island maanuka

Hawkes Bay maanuka

Waikato maanuka

Plot 4 - mixed species
incl. swamp maanuka

Wairarapa maanuka

Plot 5 – swamp maanuka

Plot 6 – control

Waikato maanuka

Hawkes Bay maanuka

Plot 7 - mixed species
incl. swamp maanuka

Wairarapa maanuka

Plot 8 – swamp maanuka

Wairarapa maanuka

Plot 10 - mixed
species incl. swamp
maanuka

Plot 9 – control

All the plants planted in the plots were eco-sourced, except a small number of maanuka (2 %
of the total planted trees), which were selected from a variety of ecotypes. The arrival of myrtle
rust in the country in early 2017 posed a threat to the long-term survival of the maanuka in the
plots, so maanuka from different locations around North Island were planted in the
experimental plot to investigate potential resistance to myrtle rust by different ecotypes, should
any of the plants get infected. This was approved by the Technical and Governance Groups
and funded by WRC as an opportunity to create a research resource which would benefit
Aotearoa as a whole. The location of each ecotype is shown in Fig. 2. The maanuka from
locations further from Waikato are easily recognized from the local swamp maanuka (Fig 2).
All the research performed in this project was under swamp maanuka, although for brevity will
be referred to as maanuka along the report, unless specifically indicated otherwise. The
planting of the plots occurred in June and October 2017.

Gate

Wairarapa

Fig. 2. Approximate distribution of the maanuka from different origins in the Experimental Plot. Pictures
of swamp maanuka, and from Central North Island and Wairarapa, which, similar to the one from Hawkes
Bay, have very small prickly leaves compared with the swamp maanuka.
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Table 1. List of plant species and total numbers of them planted in the two plots. Scientific names were
checked for accuracy on 25 March 2022 on www.nzflora.info.

Vernacular
name

Scientific name

Family

Swamp
maanuka
Maanuka

Leptospermum scoparium
J.R.Forst. & G.Forst.
Leptospermum scoparium

Harakeke, NZ
flax
Ti koouka,
cabbage tree
Karamuu
Mingimingi
Puurei,
makura
Swamp sedge

Swamp
coprosma
Lake clubrush

Baumea
Koromiko
Kaanuka
Kahakitea
Totara
Toetoe

Round-leaved
coprosma
Akeake
Black matipo
Tarata,
lemonwood
Red matipo
Kauri

Myrtaceae

Experimental
Plot (No
plants)
4000

Flat Plot
(No
plants)
12400

Myrtaceae

3700

0

Phormium tenax J.R.Forst. &
G.Forst.
Cordyline australis (G.Forst.)
Endl.
Coprosma robusta Raoul

Hemerocallidaceae

1350

1450

Asparagaceae

1250

1250

Rubiaceae

1350

1050

Coprosma propinqua
A.Cunn.
Carex secta Boott

Rubiaceae

600

1100

Cyperaceae

450

1200

Carex virgata Sol. ex Boott

Cyperaceae

350

1000

Coprosma rigida Cheeseman

Rubiaceae

450

850

Coprosma tenuicaulis Hook.f.

Rubiaceae

100

1000

Schoenoplectus
tabernaemontani (C.C.Gmel.)
Palla
Machaerina articulata (R.Br.)
T.Koyama
Veronica stricta Banks & Sol.
ex Benth.
Kunzea robusta de Lange &
Toelken
Dacrycarpus dacrydioides
(A.Rich.) de Laub.
Podocarpus totara D.Don

Cyperaceae

400

550

Cyperaceae

300

600

Plantaginaceae

500

200

Myrtaceae

500

0

Podocarpaceae

350

150

Podocarpaceae

250

150

Austroderia fulvida
(Buchanan) N.P.Barker &
H.P.Linder
Coprosma rotundifolia
A.Cunn.
Dodonaea viscosa Jacq.

Gramineae

300

100

Rubiaceae

150

150

Aceraceae

150

50

Pittosporum tenuifolium Sol.
ex Gaertn.
Pittosporum eugenioides
A.Cunn.
Myrsine australis (A.Rich.)
Allan
Agathis australis (D.Don)
Lindl. ex Loudon

Pittosporaceae

100

0

Pittosporaceae

100

0

Primulaceae

75

25

Araucariaceae

25

25

16800

23300

Total
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3.2

PLOT MAINTENANCE AND PLANT MONITORING

The maintenance of the plots consisted of mechanical management of weeds, which was
performed with a brush-cutter once per year for the first two years in the Experimental Plot,
and once overall in the Flat Plot. Once the plants were higher than the grass, no further
management occurred. In the wetter areas of the Experimental Plot, near the drain, the growth
of Convolvulus sp. was monitored, and in the third year this vine was manually removed.

Mixed

Control

Mixed

Swamp maanuka

Control

Mixed

Swamp maanuka

Control

Mixed

Swamp maanuka

The survival and the growth of the plants was recorded in each of the subplots of the
Experimental Plot in a 20 m x 2 m representative transect per plot. Each transect was divided
longitudinally in 5 m quadrants (10 m2 each). In each quadrant the number of plants, the
species, height and the two widths were recorded (Fig. 3). Measurements were carried out in
April 2018, September 2020, and January 2022. In March 2019, only growth of maanuka, and
swamp maanuka was recorded.

ate
ocation 3

ocation

ocation 1

Fig. 3. Top: Diagram representing approximate areas of sampling with Plot’s identification numbers,
distribution of quadrants (Q), and grouping of results in Locations for statistical analysis. Note that the
distribution of Q is different in Plot 10 to follow the main direction of the slope. Bottom: Photos of the
team measuring plant growth in the 20 x 2 m transects in 2018 (left) and 2020 (right).
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3.3

MONITORING THE EFFECT OF THE RIPARIAN ON WATER POLLUTION
MITIGATION

We aimed to assess the efficacy of the plots for improving water quality by measuring the
volume and quality of water as it passed through the three types of vegetation in the
Experimental Plot, i.e. swamp maanuka, mixture of species and unplanted control. The fluxes
of water that we aimed to monitor were runoff - the water that flows in the surface of the soil,
and subsurface flow - the water that flows laterally through the soil.
We designed, manufactured and installed fit-for-purpose runoff collectors (Fig. 4), which were
installed in duplicates in each of the subplots. Given that this type of device has not been
frequently used in Aotearoa, it was unknown whether it was going to provide accurate and
reliable data. The development and optimization of the devices took over three years to be
functional, and multiple iterations of the metal frame installation, collectors and connectors
were necessary (Fig. 4). The final set up was installed in July 2021, and monthly samples
were collected since then.
The subsurface flow was monitored by installing suction cups and dip wells in early 2021 and
monitored regularly over winter 2021. Suction cups are ceramic cups (6.5 cm long) attached
to a 4 cm PVC drainage pipe, which collected soil pore water. They were installed in two
control plots and two swamp maanuka plots at depths of 10 cm, 30 cm and 50 cm. For each
set of depths, and plots, the suction cups were installed at 1 m, 4 m and 7 m from the fence
of the experimental plot (Fig. 5). A total of 36 suction cups were installed and sampled seven
times between May and July 2021.

Fig. 4. Set up of the runoff collectors. A) Frames of the collectors as they were built. The frames were dig
5cm into the soils, with the triangular shape facing downhill. B) Original collection system did not allow
for maintaining a “clean” sample. C) New system prototype, which is better sealed and included a sieve
to impede the intrusion of litter and animals. D) Set up of the new collectors in the field. E) The new
system established in the field.
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The dip wells were 4 cm wide PVC pipes with slotted sides and sealed bottom, installed in five
locations as represented in Fig. 5, which allowed to monitor the depth of the water table. The
depth of the water was measured using a “bubbler” in the same days than the suction cups
were sampled. In addition, a data logger was installed in one of the wells to continuously
measure the water depth.
Soil moisture, electrical conductivity and temperature are continuously monitored with 12
TEROS12 (METER Group) soil sensors installed in the swamp maanuka and control plots at
depths of 15 cm and 30 cm (Fig. 5). The University of Auckland’s purpose-built devices are
transmitting the data to a cloud via a Sigfox network. A weather station Aercus WeatherRanger
records weather data continuously. With a WiFi connection, it sends that data to the same
cloud storage (Fig. 6). These data can be accessed through the following links:
Soil sensors:
http://sensors.auckland.ac.nz/report/view/xlGsSR08jJRWrBSICDaC
Weather station:
https://www.wunderground.com/dashboard/pws/IOHINE1/graph/2021-05-7/2021-05-7/daily

Plot5
Plot10

Plot 9
Control

Plot 8
Mk

Plot9 Plot8

Plot4
Plot3

Plot7

Plot 5
Mk

Plot2

Plot1

Plot 3
Control

Fig. 5. Representation of the spatial distribution of suction cups (lysimeters), dip wells, rain gauges and
soil sensors in the Experimental Plot.
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Fig 6. Photos showing, from left to right, the installation of the remote monitoring rain gauge, soil sensor
at 30 cm deep, the weather station in the shed powered by solar panels, the interior of the shed with the
data receiving and sending devices.

Samples from the runoff collectors were sent overnight in chilly bins to ESR and analysed for
E. coli numbers on reception, using the Colilert method (IDEXX Laboratories). The Colilert
method provides the Most Probable Number (MPN) of E. coli enumeration per 100 mL of
sample. pH and electrical conductivity (EC) were also analysed with a pH and EC probes
(Eutech Instruments). The samples were stored at – 20 °C until further analysis for turbidity,
N and P, total organic carbon (TOC) and elements by Analytica Laboratories. The samples
from the suction cups were transported in chilly bins to the laboratory in the University of
Waikato, and frozen in the same day at – 20 °C until further analysis of N speciation by
Analytica Laboratories. NO3--N, NO2—N, NH4+-N and dissolved reactive phosphorus (DRP)
were analysed by a Lachat Flow Injection Analyser (APHA 4500). Total Kjeldahl Nitrogen
(TKN) and total P (TP) were analysed colourimerically by a SEAL AQ400 Discrete Analyser
following acid digestion (APHA 4500). Turbidity was analysed by a Hach turbidimeter (APHA
2130 B), TOC was analysed by an Elementar Analyser by combustion at 850 °C (APHA 5310
B). Elements were analysed by a Perkin Elmer NexION 300/350D ICP-MS.

3.4

MONITORING SOIL QUALITY

Soil quality can directly affect the nutrient retention potential of riparian zones (Iori et al., 2020).
Understanding soil properties as affected by the vegetation will allow the maximisation
potential of the riparian zones to mitigate pollution and improve water quality. Therefore, soil
samples were collected at different times from all the plots in the Experimental Plot, and
occasionally from the paddock adjacent to the plots as a comparison. In December 2018, we
conducted a thorough soil sampling to better understand the soil chemistry of the area. Four
sample points in each plot were located at increasing distances from the fence, and which
approximately corresponded with the vegetation transects described in Section 3.2. For each
sampling point, soil was collected at 0 – 10cm, 10 – 30 cm, 30 – 45 cm, and 45 – 60 cm deep,
using a soil corer (Fig. 7). In December 2020, when there was canopy closure in the swamp
maanuka plots, we collected soil samples at approximately 5 – 10 m from the fence to compare
changes in soil quality between maanuka and control plots. In this case, we collected five
topsoil samples (10 cm) from each of the maanuka and control plots.
The soil samples were transported in chilly bins to ESR and frozen within 24 h of collection
until further analysis by Manaaki Whenua Landcare Research. Total organic carbon (TOC)
and total nitrogen TN were analysed using a Leco TruMac instrument, which uses the Dumas
dry combustion principle (Leco, 2003). pH and Electrical Conductivity (EC) were analysed in
a 1:5 soil water mixture and measured with a pH and EC probes respectively (Blakemore et
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al., 1987). NO3--N and NH4+-N were extracted from the soil with a 2M KCl solution (Blakemore
et al., 1987) and analysed using a QuikChem 8500 Flow Injection Analyser (FIA). Olsen
extractable phosphorus (Olsen P) was extracted from the soil with 0.5M NaHCO3 (Olsen et
al., 1954) and analysed using a FIA. Exchangeable Ca, Mg, K and Na were extracted with 1M
ammonium acetate (C2H4O2.H3N) (Blakemore et al., 1987) and analysed in an ICP-OES.
Cation Exchange Capacity (CEC) was analysed from resulting extracted soil after being
washed with alcohol. The adsorbed ammonium ions are then displaced from the exchange
sites by a 1M NaCl solution. The NH4-N in the NaCl solution was analysed by FIA (Blakemore
et al., 1987).
Physical soil quality was studied in March 2021. Three 15 cm deep and 15 cm diameter
undisturbed soil cores were collected from two swamp maanuka and two control plots. The
cores were wrapped in plastic and transported to Manaaki Whenua Landcare Research
laboratories for bulk density and macroporosity determinations with the methods described by
Gradwell (1972).

3.5

MONITORING INVERTEBRATE BIODIVERSITY

Invertebrates play an important role in ecosystems contributing to nutrient recycling, food
webs, pollination and soil quality (Bach et al., 2020; Scheu, 2002). Although they are good
indicators of habitat quality and biodiversity in restoration ecology (Wade et al., 2008), they
are rarely monitored in ecological surveys (Derraik et al., 2003).
Invertebrate biodiversity in the Experimental Plot was monitored in April in 2017 (before
planting), 2018 and 2019 by the students of EcoQuest Education Foundation programme.
Before the planting (April 2017), five soil samples of 25 x 25 cm and 10 cm deep were collected
randomly using a spade and trowel within the fenced area. In 2018 and 2019, one soil sample
of the same dimensions and volume was collected in each of the plots (nine samples per year)
about 10 m from the fence. Samples were transported to the AgResearch (Ruakura, Hamilton)
in cotton pillowcases to ensure sufficient aeration for the invertebrates. Samples were placed
into heat extractors for three days and invertebrates were collected at the base of the extractor
funnels in a 100 mL sample vial containing ethylene glycol to kill and preserve the specimens.
In 2019, when canopy closure occurred, we included pitfall traps to assess ground dwelling
invertebrates, and beating trays to collect invertebrates from the trees, in addition to the
previous soil sampling regime. The pitfall traps consisted of a 700 mL plastic container dug to
ground level and filled with 70 mL of ethylene glycol to preserve invertebrates collected. For
the beating tray collection method, we hit one tree five times with a wooden pole, while holding
a collecting tray underneath. The invertebrates were then transferred from the tray to a vial
containing ethylene glycol for preservation. In each site, 10 plants were randomly sampled.
All of these methods were also used in the Flat Plot, and in an old kahikatea remnant located
in the north side of the Lake Waikare, to compare the community structure in the Experimental
Plot with that of an ecosystem similar to the original of the region.
The specimens were individually counted and classified to recognisable taxonomic units
(RTU) by the EcoQuest students using Leica stereobinocular microscopes. Invertebrates were
subsequently identified to species level where possible by an expert entomologist on site.
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3.6

DATA ANALYSIS

Results of plant growth and invertebrate communities were expressed as average and
standard errors and represented in graphs computed in Microsoft Excel 365. Results of soil
and water chemical analysis were examined by an analysis of covariance (ANCOVA) to
determine which factors affected the results, and a post-hoc Tukey’s test to identify differences
between levels of each factor. Model assumptions were checked with the Q-Q plot and the
residuals vs predicted plots. When normality or homoscedasticity assumptions were not
fulfilled, decimal logarithmic transformation were performed. Given the soil heterogeneity in
the Experimental Plot, the effect of the Location in the plot was tested by grouping the results
in Location 1 (Plots 1, 2 and 3), Location 2 (Plots 4, 5 and 6), and Location 3 (Plots 7, 8, 9 and
10). The plot numbers are represented in Figs. 2 and 5. These calculations were completed
with RStudio (R Core Team, 2021) and the packages stats (R Core Team, 2021) and agricolae
(Mendiburu & Yaseen, 2020). The graphs were created with the package ggplot2 (Wickham,
2016) and esquisse (Meyer et al., 2022). The results of runoff were correlated with each other
with a Spearman non-parametric test using the R package Hmisc (Harrell Jr & Dupont, 2021),
and represented visually using the R package corrplot (Wei & Simko, 2021).
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4. RESULTS AND DISCUSSION
4.1

PLANT ESTABLISHMENT AND GROWTH

The two plots planted with NZ-native vegetation for this project have successfully developed
plant cover (Fig. 7). The coverage, distribution and growth of plants is different between the
Experimental Plot and the Flat Plot. The planned plant density was 1 plant/m2. However, when
planting, we prioritized a high density of plants in the Experimental Plot for rapid canopy
closure so we could obtain the results within the duration of this project. The planting density
in the Experimental Plot varied along the riparian band between 0.8 and 2.5 plants/m2.
The swamp maanuka plots were planted at a density between 1 and 2.5 plants/m2, with an
average along the plots of 1.9 plants/m2, as represented in Fig. 8. In the first monitoring in
March 2018, the average mortality after the first four months was between 20 % and 28 %.
This mortality decreased plant density to an average of 1.4 plants/m2. The average plant
density has maintained similar numbers for the remainder of the years, with a slight decrease
to 1.2 plants/m2. In the last monitoring in January 2022, the plant density ranged from 0.8 to
1.9 plants/m2. This indicates that in this setting, the first months after planting are the most
important for the survival of the plants, and mortality once plants are stablished is less likely.
Immediately after transplanting, the seedlings are susceptible to moisture and insufficient
precipitation, which can cause higher mortality. In addition, competition with weeds, and
browsing of small mammals are most critical when the plants are small, and decline with
increasing plant height (Bergin & Gea, 2007). Plant density has been slightly decreasing
during the experimental period. During the first year, this was most likely due to few dead
plants that did not out-compete the weeds, or due to some being cut during mechanical
weeding, as we occasionally observed on field visits.

Fig. 7. Drone picture taken in January 2022 from the southwest end of the two plots. The Flat Plot is
situated at left of the drain, and the Experimental Plot at right of the drain.
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The decrease in plant density in the last year, and the one that is expected to happen further
in the following years, will be due to plant self-thinning as a response to have been planted so
densely. Self-thinning is common in even-aged plantings, where increased biomass
production results in higher mortality (Forrester et al., 2021; Westoby, 1984). This effect was
perceived in our last visit in January 2022, where some of the smaller maanuka were
succumbing in areas where the density of plants was higher than 1.5 plants/m2. It is noticeable
in Fig. 8 that the decrease in plant density is faster in the graphic showing the 3rd quartile (75
% of sampled quadrants had less plant density than the represented one) than in that showing
the 1st quartile (25 % of sampled quadrants had less plant density than the represented one).
This shows that self-thinning is more pronounced at higher planting density. The variable
maximum density is assumed to be due to sampling error, which depends on which exact
plants were monitored each time, rather than a regrowth of plants.
The average maanuka height gain during the project was 48 cm/y, ranging from 33 cm/y to 59
cm/y. The height gain was fastest during the first year (Fig. 8), and slowed during the next 1.5
years, followed by an increase in the pace the last year. Drier conditions from March 2019 to
September 2020 could be discarded as a reason for this difference in growth rate, in sight of
the constant rainfall over the length of the project (Fig. 9). We can explain the difference in
growth rate (measured by height) by maanuka gaining height rapidly the first year but
increasing canopy volume rather than just height during the next 1.5 years. This was indicated
by the increased diameter of the plant canopy, which was 32 cm as an average in March 2018,
and 79 cm as an average one year later. The increase in diameter (47 cm/y) was similar to
the increase in height. When the maanuka closed canopy, which was recorded in September
2020, the competition for light would have promoted growth in height rather than in volume
(O'Brien et al., 1995).
Plant growth was heterogenous along the Experimental Plot (Fig. 10). In general, plant growth
decreased in the areas closer to the drain (Q4 and Q5), most likely because these areas are
usually waterlogged for several months from late autumn until early spring (Fig. 11). The
perched water table in the soil results in higher gleying of the soil, while in the lower parts of
the slope the permeable Mangatawhiri clay loam topsoil is less deep than in the higher areas
of the Experimental Plot (Adamson, 2021).
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Fig. 8. Changes in plant density (A) and tree height (B) of maanuka plots monitored along the experiment.
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Fig. 9. Daily and cumulative rainfall in the WRC weather station north of Lake Waikare for the five years of
the project. Data from Waikato Regional Council.
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Fig. 10. Average tree height in each plot of the experimental area and in each sampled quadrant (10 m2).
Q1 is the closest to the fence, Q5 is the closest to the drain. Drone picture from June 2020 showing the
location of the plots and quadrants.

Fig. 11. Water table depth (cm) as measured manually and by LevelSCOUT data logger.

18

It is likely that the native plants did not grow well in these conditions. In the mixed plots, the
species composition was another likely factor that affected the average plant growth. Akeake,
for example, is a large tree that was widely planted in the higher parts of the slope, but not in
the lower, wetter areas. In the monitored transects, the frequency of species in the higher part
of the slope was decreasing as maanuka > karamuu > koromiko > akeake > tarata, with some
representatives of small leaved Coprosma spp., black matipo and totara. The vegetation in
the wetter areas is dominated by maanuka, flax, and small leaved coprosmas, which are
smaller species, although there were also numbers of karamu. The growth of swamp maanuka
also varied in the different areas of the Experimental Plot (Fig. 10). The trees in the Plots 5
and 8 had an average height of 280 cm in January 2022, and decreased closer to the drain,
similar to the mixed plots. However, the maanuka in Plot 2 near the fence (Q1) was much
smaller than in other plots or in other areas of the same plot (Fig. 10). These manuka also
showed signs of stress with sparce chlorotic foliage (Fig. 12). An explanation for this lack of
health is the high concentration of nutrients and pH in the soil, as discussed in the next section
(Section 4.2 - Soil quality).
The quantification of plant density and growth in the Flat Pot only happened in January 2022,
and the evolution of plants was monitored visually and using drone footage. The distribution
of the planted plants follows a clumped pattern (Fig. 13), with monitored areas without any
planted plant in a 10 m2 quadrant (although there are grasses and weeds), and other areas
with a maximum of 10 plants in a 10 m2 square. The clumped distribution of plants may indicate
that the conditions in some areas are better for plant growth and survival (Fakhar Izadi &
Keshtkar, 2020). This is also evident in the drone photo, in Fig. 7. The average plant density
in the monitored area was 0.3 plants/m2. The average height of the plants was also variable
in each monitored quadrant (Fig. 13), however that was mostly due to the predominant plant
species.

Fig. 12. Swamp maanuka showing symptoms of stress (chlorosis), compared with the healthier maanuka
behind in September 2020.
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The average height (219 cm) and the range (120 – 297 cm) were similar to those in the lower
parts of the Experimental Plot (Q5, Fig. 10), where the soils are mostly of a gley nature and
with groundwater near or at the surface for several months per year. Despite the swamp
maanuka initially comprising 50 % of the planted plants, their prevalence after five years was
lower than that. The predominant species in the monitored transects were karamuu >
mingimingi > puurei/swamp sedge > ti koouka > harakeke > Coprosma rigida > swamp
maanuka > swamp coprosma > toetoe. This indicates that all the Coprosma species selected
(karamuu, mingmigni, swamp coprosma), as well as ti koouka and harakeke, not only thrived
in these variable seasonal conditions of moist and waterlogged soils, but also were not
negatively impacted by the competition with the prevailing weeds (mostly fleabane – Conyza
sumatrensis during the initial years). These weeds were mechanically managed only once in
2018. Most of the swamp maanuka planted in this experiment were very small seedlings,
which we assumed had perished not long after they were delivered. Small root trainers did not
provide enough resilience for the plants to be held in the plots for few days until they were
planted, and this is something to take into consideration for future planting. Seedlings that are
grown in planter bags or bigger pots could be used, as these typically show a better survival
rate after transplanting than seedlings grown in root trainers (Bergin & Gea, 2007). It is likely
that most of the swamp maanuka that we measured in January 2022 were the bigger plants
delivered in 0.5 L pots.
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Fig. 13. Number of plants and average plant height in each of the 5x2 m sections of the six 25 m long
transects in the second planted plot. Dotted orage line indicate the average in the monitored area.

4.2

SOIL QUALITY

Fig. 14 shows the chemical soil properties in the samples collected in 2018 throughout the soil
profile between vegetation types. There was a large variability within each vegetation type due
to the heterogeneity in the field. Location and Depth were the factors that mostly explained
the variability in the results (Table 2). Although the effect of Depth in the results was expected,
it is interesting that the results were not significantly different between the Experimental Plot
and the adjacent paddock, except for pH, NO3- and base saturation as an interaction with
Location. Vegetation had a significant effect on soil pH and exchangeable Ca, with the control
plots having a significantly higher pH than the rest of the plots in all the Locations, and
significantly higher Ca than in the mixed plots.
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Fig. 14. Soil chemical parameters (mean and standard errors) at increasing soil depth, and under
different vegetation cover in 2018.
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Table 2. Factors that significantly affect the soil chemical properties in 2018. ANOVA, *** p < 0.001, ** p <
0.01, * p < 0.05, o p < 0.1. Loc: Location, Veg: Vegetation, Moist: Moisture, EC: Electrical Conductivity, TC:
Total C, TN: Total N, C:N: C/N ratio, Exch: Exchangeable, CEC: Cation Exchange Capacity, BS: Base
Saturation.

Variables

Location

Moist

Vegetation

Depth

o

*

***

**

Loc *
Veg

Veg *
Depth

***

**

**

*

pH

***

EC

***

***

TC

***

***

***

TN

***

***

***

C:N

**

***

N

***

***

-N

***

Olsen P

***

Exch_Ca

***

Exch_Mg

***

NO3- NH4+

Exch_K

Loc *
Veg *
Depth

*
*

***
***

***

*

***

***

**

***

Exch_Na

*

CEC

o

*

***

***

o

o

BS

*

Loc *
Depth

o

***
*

Following the measurement of the chemical properties of the soil in 2018, soil samples were
again collected in December 2020 for the control and swamp maanuka plots. While the
variability along the Experimental Plot was still pronounced (Fig. 15 and Table 3), there were
significant differences between the maanuka and control plots for some parameters. Soil
under maanuka had significantly higher C:N ratio, Olsen P, exchangeable Ca, K and Na and
base saturation (BS), while soil in the control plot had significantly higher NH4+ and cation
exchange capacity (CEC). Some of these parameters, however, presented also a significant
interaction with Location (Table 3), which indicates that they were not consistent in all areas
of the Experimental Plot. Results that were consistent along the Experimental Plot were the
higher C:N ratio under maanuka compared with control, which could be explained by the
incipient accumulation of maanuka litter in the soil, which at that time started to close canopy
and supress the growth of some exotic grasses. Litter from woody species usually has a higher
C:N ratio than herbaceous species (Neilen et al., 2017). The higher Olsen P under maanuka
compared to control plots could be explained by a higher plant uptake by herbaceous species.
Previous results have shown a higher foliar P in Lolium perenne compared with many other
NZ native plants, including kaanuka (Hahner et al., 2014). The higher Na and other cations
were likely a result of the less water flux under this species (as it will be explained in following
section 4.3), and accumulation in the soil as a consequence. Higher concentration of NH4+ in
control plots compared with maanuka is consistent with the wetter conditions in these plots
(see section 4.3) and as a consequence, lower redox potential. Further, the multiple
transformations that N suffers in soils (Cameron et al., 2013) makes complicated to attribute
this as a single reason. A slower mineralization of organic N under maanuka compared with
control, which could be related with the higher C:N ratio (lower N availability) could be another
explanation for this difference. Similarly, some potential interaction with microbial populations
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involved in this process, as also suggested in Halford (2021). We will further develop these
results in a general discussion on the role of maanuka for nitrogen management in section
4.3.4.
The chemical properties of the soil in Location 1 (Plots 2 and 3) were significantly different
from the other Locations (Fig. 15). In this part of the Experimental Plot, the concentrations of
all the analysed nutrients were on average higher and it had a very high pH (over 7.5 compared
with the 6.3 of the rest of the plots).

Control

Maanuka

Fig. 15. Soil chemical properties in different Locations and vegetation covers in December 2020. Loc1
represent the two plots closer to the gate (Plots 2 and 3), Loc 2 are results from Plots 5 and 6, Loc3
represents the plots furthest from the gate (Plots 8 and 9). Units: EC (dS/m), TOC and TN (%), NO3- -N,
NH4+ -N, Olsen P (mg/kg), Exch_Ca, Exch_Mg, Exch_K, Exch_Na, Cation Exchange Capacity - CEC
(cmol(+)/kg), Base Saturation – BS (%), Treat – Treatment.
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The elevated concentration of nutrients and salinity had an impact in the health of swamp
maanuka, which in Plot 2, had chlorotic sparse leaves and compromised growth (Section 4.1,
Fig. 12). The high pH (average 7.9) and Olsen P (average 93 mg/kg) in this maanuka plot was
considerably higher than the WRC monitored pH and Olsen P for indigenous (native plants)
sites (Figs. 16 and 17, (Taylor, 2021)). Many of NZ’s native plants have adapted to low fertility
soils (Wardle, 1991), which could explain why maanuka did not respond well to high nutrient
and high pH conditions. Some Australian Myrtaceae trees have also shown to be sensitive to
P and experience P toxicity in high P environments (Lambers et al., 2013). Previous studies
showed a positive growth response of native species to the application of nutrient-rich waste
up to 1,500 kg N/ha equivalent (J Esperschuetz et al., 2017; Gutiérrez-Ginés et al., 2019;
Gutiérrez-Ginés et al., 2017; Meister et al., 2020; Reis et al., 2017; Seyedalikhani et al., 2019).
However, Gutiérrez-Ginés et al. (2019) and Seyedalikhani et al. (2019) showed a decrease in
plant health at rates of application of 4,500 kg N/ha equiv., and mortality at 13,500 kg N/ha
equiv. In those experiments, the soils that received nutrient-rich waste at 4,500 kg N/ha equiv.
presented Olsen P and EC values similar to the soil values in the Location 1 in our
Experimental Plot.
Regarding the physical properties of the soil, there was an inverse relationship between soil
density (ρb) and macroporosity (MP), with the highest average ρb found in plots with the lowest
average macroporosity and vice versa (Fig. 18). The average ρb in the Experimental Plot
(control and maanuka combined) was 1.08 t/m3, 17 % lower than in the nearby paddock (1.30
t/m3). Consistently, the average MP of the Experimental Plot (11.6 %) was 38 % higher than
in the paddock (4.43%). The effect of plant roots, macroinvertebrates, earthworm activity and
lack of compaction by machinery, livestock or disturbance from cultivation are likely causes
for the improvement of soil physical quality in the Experimental Plot, compared with the
adjacent paddock (McLaren & Cameron, 1996).
Table 3. Factors that significantly affect the soil chemical properties in 2020. ANOVA, *** p < 0.001, ** p <
0.01, * p < 0.05, o p < 0.1. EC: Electrical Conductivity, TC: Total C, TN: Total N, C:N: C/N ratio, Exch:
Exchangeable, CEC: Cation Exchange Capacity, BS: Base Saturation.

Parameter

Location

Vegetation

Location * Vegetation

pH

***

o

*

EC

***

TOC

***

TN

***

C:N

***

NO3

***

NH4

**
o

***

o

***

***

***

OlsenP

***

**

Exch_Ca

***

**

***

Exch_Mg

***
*

**

Exch_K
Exch_Na

***

***

CEC

***

**

BS

***

***
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Fig. 16. Five-yearly rolling average pH for Waikato Regional Council soil quality monitoring sites. Note
the average for Native sites is between pH 5.0-5.5. (Taylor (2021) – reproduced with the permission of the
author).

Fig. 17. Five-yearly rolling average Olsen P for Waikato Regional Council soil quality monitoring sites.
Note the average for Native sites is between 10-15 mg/L (Taylor (2021) – reproduced with the permission
of the author).
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Fig. 18. Bulk density (t/m3) and macroporosity (v/v%, @-10 kPa) results for six different soil cores in the
maanuka and control plots, and three in the adjacent paddock in July 2021. Different letters indicate
significant differences between treatments (Tukey’s HSD test, p < 0.05).

4.3

RIPARIAN PLANTINGS FOR WATER QUALITY IMPROVEMENT

4.3.1

Runoff

The volumes of runoff collected showed large variation between sampling dates (Fig. 19),
which was expected due to varying amounts of rainfall prior to the sampling events (Fig. 9).
More surprising was the high variability in the volumes collected across the plots on a given
date, which was unrelated with vegetation type (ANOVA results not shown). This was
unexpected, given previous studies showing that maanuka creates preferential flow and
increased infiltration compared to pasture, under high irrigation regimes (Mishra, 2018).
Therefore, we hypothesized there would be lower runoff volumes in maanuka plots compared
to the control plots. The pH of the runoff samples was also very variable (ranging between 6.4
and 8.4), with no differences between species. Similarly, electrical conductivity (EC) varied
more between plots (Fig. 20) than between treatments (control, maanuka or mixture, ANOVA
results not shown). The high EC in the first sampling date (8000 µS/cm) could be related with
the disturbance caused by the installation of the runoff collectors, which likely increased the
movement of soil particles into the collectors. Also notable was the consequent decrease
(although less pronounced) in EC between 2020 and late 2021, most likely related with the
installation of the new runoff collectors.
During the first year of runoff collection, E. coli numbers were highly varied from 2 MPN/100
mL to over 105 MPN/100 mL, and they were not significantly related with type of vegetation
(Fig. 20). There was no correlation between E. coli numbers and any other measured
parameter, including volume, pH or EC. Given that the paddock adjacent to the Experimental
Plot ceased its dairy use in late December 2019, we expected lower E. coli numbers than the
ones recorded. This indicates that the Experimental Plot is frequented by wild fauna that
contribute to the E. coli abundance in the runoff. For this reason, we discontinued analysing
E. coli in the runoff, with a final measurement in December 2020, which showed that most of
the values were lower than the guidance for freshwater quality, but still one sample contained
levels 10 times higher than this limit. When the E. coli in samples originate from wild fauna,
then the indicated faecal contamination has the potential to include other human pathogens
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such as Campylobacter, Cryptosporidium and Giardia, which maybe of public health concern
(Moriarty & Gilpin, 2009). However, E. coli can also adapt and survive to non-host
environments, and such “naturalized” E. coli does not indicate faecal contamination and does
therefore not indicate a risk of human pathogen contamination (Devane et al., 2020). These
results demonstrate that high numbers of E. coli can be found in environmental samples that
are not necessarily related with animal farming, and further research should be needed to
better establish the real risk to human health related with those high numbers of E. coli.

Fig. 19. Cumulative volume of runoff collected since the new systems were in place (July 2021). Different
colours represent the vegetation in each runoff collector sampled.
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Fig. 20. Escherichia coli enumeration and Electrical Conductivity of runoff water sampled at different
times. Different colours represent the vegetation in each runoff collector. The horizontal dotted red line
represents the median concentration of E. coli to be considered for determining levels of freshwater
quality, according to National Policy Statement for Freshwater Management 2020 (NPS-FM, 2020).
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The chemical parameters of the runoff water were analysed in the samples collected with the
new collection system (since July 2021). There was a large variability in the results (Fig. 21).
Location of the runoff collector had a significant effect on the different species of nitrogen
present (TN, TKN, NO3-, and NH4+), but not on turbidity, TOC, TP or DRP. The type of
vegetation present was not a factor that significantly affected any of the analysed parameters.
The concentration of TN exceeded the national bottom line freshwater quality (0.75 mg/L,
NPS-FM, 2020) in all analysed samples. NH4+ - N exceeded this limit (0.24 mg/L) in 53 % of
the samples. On the other hand, NO3- - N concentrations were below the national bottom line
of 2.4 mg/L in all the samples. TP exceeded the national bottom line (0.05 mg/L) in all samples
except in Plot 2 (maanuka), while the DRP exceeded the higher limit of impact to aquatic
communities (0.018 mg/L) in some samples, but none of the runoff water samples were
collected from the control plots. While the NPS-FM (2020) cannot directly be applied to runoff
samples, they give an indication on the contaminant potential of the runoff and identify risk
factors where elements exceed the standards. By comparing the runoff results with the NPSFM (2020), it is obvious that the parameters that mostly affect water quality via runoff are those
more bound to soil particles (organic nitrogen, NH4+ and P), compared with NO3-, which mostly
affects water quality through leaching and groundwater contamination (Neilen et al., 2017).
Fig. 22 shows that the volume of runoff was only negatively correlated with TN. However, there
was a significant positive correlation between TN, TKN and NH4+. TN and TKN also correlated
positively with pH and negatively with Turbidity. NO3- did not correlate with TN or TKN, but it
did with NH4+, from which it derives through nitrification (Cameron et al., 2013). TP had a
significant negative correlation with TN, TKN and NH4+, but did not correlate with DRP. DRP
was positively correlated with Turbidity and negatively correlated with pH. This result was
expected, since lower pH in the soil increases P solubilisation (Penn & Camberato, 2019).
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0.75

2.4

0.24

0.018

0.05

Vegetation

Control

Maanuka

Mixture

Fig. 21. Chemical parameters of runoff water in each of the experimental plots (X axis). Colours indicate
the vegetation in each of the plots. The red horizontal lines represent freshwater attributes requiring
limits on resource use, according to National Policy Statement for Freshwater Management 2020 (NPSFM, 2020).
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Fig. 22. A) Representation of Spearman non-parametric correlations between chemical parameters of
runoff water. Colour and colour shades show the Spearman coefficient levels; the blank spaces
represent p-value > 0.05. B) Principal component analysis of the chemical parameters of runoff water.
TOC was not included in the analysis to be able to increase the number of data points.

4.3.2

Subsoil water flow

Given that NO3- is the contaminant that poses the highest risk for water quality via leaching
(Di & Cameron, 2002) soil pore water was only analysed for the different forms of N. Soil pore
water, collected by the suction cups, gives an indication of potential losses of N in the subsoil,
which could contaminate groundwater, or the adjacent drain by lateral flow. However, our
dataset was insufficient to quantify the net leaching.
The average TN concentration of all samples analysed (regardless of plot, vegetation,
distance or depth) was 5.6 mg/L, the average NO3- - N concentration was 4.3 mg/L, and the
average TKN was 1.4 mg/L. Nitrate concentrations were exceeding NPS-FM (2020) limit of
2.4 mg/L, which could indicate that leaching losses may contribute to NO3- contamination.
However, due to the negative pressure of the suction cups, the NO3- in the samples does not
necessarily represent the actual concentration in the soil solution, and due to the size of the
devices they do not capture the heterogeneity of the soil, or preferential flow pathways
(Weihermüller et al., 2007). The predominant form of N in all the samples with high levels of
N was NO3-, while in the samples with lower levels of N, organic and NH4+ (TKN) were the
dominant forms of N (Fig. 23). Within TKN, NH4+ contributed an average of 5 % to the total
Kjeldahl nitrogen, which means that most of the nitrogen was in organic form. Given this N
speciation in the samples, the results represent only the concentrations of NO3- - N and TKN
(Figs. 20 and 21).
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B)

A)

Fig 23. A) Percentage of the total nitrogen as organic and ammonium (Kjeldahl nitrogen, TKN), and B)
percentage of total nitrogen in the form of nitrate, in relationship with the total nitrogen.

Table 4. Factors affecting the concentration of the different forms of nitrogen in soil pore water collected
in control and maanuka plots. ANOVA *** p < 0.001, ** p < 0.01, * p < 0.05, o p < 0.1. Dist: distance from
fence, Veg: Vegetation.

N
Speciation

Plot

Distance
from fence

Depth

TN

**

***

***

o

***

TKN

*

o

***

*

**

NO3-

**

***

***

*

**

NH4+

Vegetation

Dist. * Veg.
Depth Dist.
***

* Veg.
Depth
**

* Veg.*
Dist.
Depth

*

**

***

*

The TN concentration in all plots and depths combined significantly decreased from the fence
towards the stream and the mean values were 9.3, 4.9, 2.0 mg/L at 1 m, 4 m, and 7 m distance
from the fence, respectively (Table 4). The mean concentration of TN was significantly higher
at 50 cm than at 10 cm, while the middle depth (30 cm) did not significantly differ from the
other two. Similarly, the NO3- concentration declined significantly with distance from the fence
and was 10 times lower at 7 m from the fence compared to 1 m from the fence (Table 4 and
Fig. 24). When all distances and vegetation types were combined, NO3- significantly increased
with depth from a mean concentration of 1.7 mg/L at 10 cm to a mean concentration of 7.3
mg/L at 50 cm. The vegetation type significantly affected the results of NO3-, but most
importantly as an interaction with Depth and Distance from the fence (Table 4). Fig. 24 shows
that NO3- was higher under maanuka than grass (control plots) in the topsoil (10cm), but
significantly lower under maanuka than grass at 50 cm depth.
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Control

Maanuka

Fig. 24. Concentration of nitrogen as nitrate in soil pore water collected at 10 cm, 30 cm and 50 cm deep,
and at 1m, 4m, and 7m from the fence in control and swamp maanuka plots. Note that for better
visualisation of the graphs, when no sample was obtained, results are represented as 0.

TKN was mostly affected by soil depth (Table 4), with highest concentrations at 10 cm depth
(1.73 mg/L mean concentration) and lowest concentrations at 50 cm depth (0.92 mg/L mean
concentration), as shown in Fig. 25. This is expected, since organic N is the main contributor
to this fraction of N, and therefore related to the distribution of organic matter in the soil. TKN
did not significantly differ between the three distances from the fence. However, TKN
concentrations were significantly affected by vegetation type (p<0.05, Table 5), with higher
TKN in the control than the maanuka plots.
Although the soil pore water data is insufficient to quantify the leaching risk, they can indicate
the relative mobility of N under each of the plots. When the pore water volume is multiplied by
the concentration of TN in the leachate in each plot, we obtained a mass of N “total N
extracted” (Fig. 6). When all depths were combined, 21 % more N was extracted from the
control plots than the maanuka plots. The difference between the control and maanuka plots
was most pronounced at 50 cm depth, where the extracted N was approximately six times
higher in the control than the maanuka plots (Fig. 26). This indicates that there was more
mobile N in the control plots than in the maanuka plots, and that N leaching is likely to be lower
under maanuka.
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Fig. 25. Concentration of Kjeldahl nitrogen in soil pore water collected at 10 cm, 30 cm and 50 cm deep,
and at 1 m, 4 m, and 7 m from the fence in control and maanuka plots.

Total

At 50 cm deep

Control

Maanuka

Fig. 26. Total cumulative nitrogen extracted from each of the plots along the monitoring months. A) in the
monitored soil profile (10 cm, 30 cm and 50 cm), B) only at 50 cm at all monitored distances (1 m, 4 m and
7m).

4.3.3

Raingauges and soil sensors

There was a difference in cumulative rainfall between the rain gauges above and below the
maanuka canopy at the end of the three-month measurement period (September 2021), as
shown in Fig. 27. The total rainfall collected under the maanuka canopy was 25 % of the total
rainfall. This can explain, in general terms, the lower water content of the top soil in the
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maanuka plots compared with the control plots (Fig. 28), as well as the fact that there was
about one month delay in the extraction of soil pore water from maanuka compared with
control, highlighting that the soil was drier under maanuka (Fig. 26).
The volumetric water content (VWC) represented in Fig. 28 shows results from May to
September 2021. Flat lines in the graph indicate that no data was recorded, this was due to
technical problems with the sensor connection. At 15 cm depth, Plot 8 (maanuka) was
generally drier than the other plots. Plot 5 (maanuka) was offline in May and was similar to the
control plots until September, when it was lower than the control plots. At 30 cm depth, the
VWC varied more between plots than treatments (control and maanuka). Plot 5 (maanuka)
had the highest VWC throughout the measurement period. Similar to the rest of the results,
the variation among the plots is large and indicates that the VWC is rather heterogeneous.

Fig 27. Cumulative rainfall recorded with the automated rain gauges placed above and below maanuka
canopy in 2021.
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Fig. 28. Measurement for volumetric water content (m3/m3) from soil sensors deployed at the
Experimental Plot at 15 cm and 30 cm depth. The dates of soil pore water sampling dates indicated by
arrows. C – control, Mk – swamp maanuka. P# indicates the number of the plot, as represented in Fig. 5.

4.3.4 General discussion on nitrogen management by maanuka
Our results demonstrate that planting riparian buffers with maanuka provide extra benefits for
reducing NO3- exports compared with unplanted grassed buffers (Fig. 26). Although both the
control and maanuka plots showed a reduction in NO3- at 7 m from the fence (Fig. 24), this
reduction was up to six times more pronounced under maanuka.
There are numerous interrelated mechanisms that can explain or affect these results. Given
this complexity, it is difficult to assume which mechanisms explain the differences in N
movements between maanuka and control plots. We consider that the different water flux in
the control and maanuka plots are a very important factor affecting the results. The “umbrella
effect” or rain inception by maanuka canopy reduced the amount of water that arrived at the
soil (four times lower, Fig. 27), compared with pasture. Having less water in the soil reduces
the risk of NO3- leaching. Increased infiltration by preferential flow created by taproots
(Mishra, 2018) is another mechanism by which maanuka can affect water flux. Although we
did not measured infiltration directly, we expected to see less runoff collected in the maanuka
vs control plots, which would indicate higher infiltration by maanuka compared with pasture,
and which was shown by Mishra (2018). In addition, macroporosity can prove indirect data on
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infiltration as higher macroporosity is associated with higher infiltration (Taylor et al., 2008).
However, the high variability in the runoff results makes it impossible to identify this potential
effect (Fig. 17). We cannot discard, nevertheless, that this can be a reason for lower NO 3- in
deeper horizons in maanuka compared with pasture (Fig. 26). Potentially, maanuka taproots
(which can grow down to 1.2 m, Watson and O'Loughlin (1985)) growing through the Hamilton
Ash layer of the subsoil, could create a channel for exports of water and NO3-.
Nitrogen uptake by plants is another process that necessarily affect N exports. In this
experiment we did not quantify the N uptake by maanuka or grass in the control plots. In a cut
and carry system, the usual N removal by pasture is ~ 200 kg N/ha/y (Gutierrez-Gines et al.,
2020). However, the pasture biomass was not removed from the system here. Maanuka might
have taken up an important amount of N from the soil during its growth. However, some of
that N is clearly returning to the soil as leaf litter, where it accumulates in the soil. A higher
accumulation of organic matter in the soil under maanuka compared with control (as seen
as higher TC and TN in soil under maanuka, Fig. 15) can increase N bound to organic matter,
making it less mobile, and as a consequence, less susceptible to exports in the leachate.
Even more complex are the potential effects that maanuka might have in the N cycle
(mineralization, nitrification, and denitrification, Fig. 29). The potential biological
nitrification inhibition demonstrated by J. Esperschuetz et al. (2017), and suggested by Halford
et al. (2021) could explain the lower NO3- exports under maanuka compared with control, but
not the higher NH4+ in soil in control plots compared with maanuka plots (Fig. 15). This higher
NH4+ in soil under control is consistent with the wetter conditions in this soil compared with
maanuka plots (Fig. 28). Although not measured or investigated in this project, denitrification
could be an important mechanism to reduce the risk of N leaching, and it is considered by
some authors as the main mechanism for N reductions in riparian bands (Fennessy & Cronk,
1997; Neilen et al., 2017). Waterlogged, low permeable soils, like the ones in our experiment,
are good environments for creating anaerobic microsites in the soil, where denitrification would
occur (McLaren & Cameron, 1996). However, we cannot know to what extent maanuka vs
control could favour this process.

N2

N2O

NO3-

Plant uptake

SOIL ORGANIC
MATTER

NH4+

Leaching

Fig. 29. Simplified N cycling in the soil-plant-atmosphere systems
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4.4

NATIVE PLANTS FOR INCREASING BIODIVERSITY

About 40,000 invertebrates of ~ 150 distinct taxa and 30 classes or orders were counted and
identified. For practical reasons, only five indicator groups, i.e. acari, collembola, coleoptera,
lepidoptera and Diptera, were selected for the data analysis. These groups are well
represented in most soils and generally have species in all trophic levels. The Acari (mites)
group comprised 69 % of the invertebrates in 2017, 71 % in 2018 and 85% in 2019 (Table 5),
which made them the most abundant and diverse group. On the contrary, Lepidoptera and
Diptera had occasional presence in 2017 and 2018, but their numbers increased in 2019. The
relative abundance for each indicator group was not different between the survey before the
planting (2017) and six months after planting (2018). However, the higher numbers collected
after 1.5 years after planting (2019) were significantly different from the previous year (Table
5), this could be from the removal of agricultural influences such as soil compaction and
pesticide use, both of which can negatively impact soil invertebrate communities (Carlesso et
al., 2019; Kremer, 2018). Opportunities for community diversification were likely created by
the establishment of food webs through increased root biomass and niche partitioning enabled
through the plantings (de Groot et al., 2016).
Although there is much overlap and indeed an element of the unknown within soil community
food webs in terms of the dietary constituents of specific taxa (Scheu, 2002), feeding guilds
are typically arranged into a pyramidal form, with primary producers being most abundant and
occupying lower levels, secondary in the mid-levels and predator or apex species, consisting
of the fewest number of individuals, at the top. As represented in Fig. 30, the Kahikatea stand
had a pyramidal trophic structure, with more taxa in the primary level, and decreasing in
numbers in secondary and tertiary. This site also had highest number of unique taxa with 144
(Table 6). Considering that invertebrate diversity has been found to have a positive
relationship with plant diversity (Jonsson et al., 2009), habitat maturity (Watts & Gibbs, 2002),
and highly heterogeneous forested habitat (Popescu et al., 2021), feeding and resource
opportunities for soil and ground dwelling communities would likely have been greatest at the
Kahikatea stand compared to the Experimental and Flat Plots, which consisted of younger
stands of trees.
Table 5. Number of distinct taxa (T) and relative abundances (A) within each of the five indicator groups
examined at the Site 1 treatment plots in each survey year. And statistical differences in the mean
relative abundance between years for each indicator taxa.

Survey

Treatment

Acari
T
A

Collembola
T
A

Coleoptera
T
A

Lepidoptera
T
A

Diptera
T
A

2017

Pasture background

2

432

5

181

4

14

1

1

0

0

2018
Mixed
2018
Maanuka
2018
Control
Mann-Whitney U test (2018
vs 2017)

2
2
2

135
82
150

6
4
4

57
49
32

2
2
1

8
4
1

0
0
0

0
0
0

0
0
2

0
0
2

P=0.123

P=0.160

P=0.488

P=0.289

P=0.346

2019
Mixed
2019
Maanuka
2019
Control
Mann-Whitney U test (2019
vs 2018)

14
12
12

10
8
8

4
3
5

2
1
1

1
3
3

6072
4582
5793

P=0.000*

898
1071
682

P=0.000*
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13
6
24

P=0.025*

15
25
24

P=0.002*

15
5
24

P=0.012*

While soil, pitfall and leaf litter samples were inherently effective in assessing ground surface
and sub-surface diversity, beating trays were evidently far more conducive in collecting
arboricolous secondary feeders (feeding on plants, sap, seeds and fungi - 14-47%) and tertiary
feeders (predators and parasites – 50 - 69 %) living on the stems and leaves of vegetation
(Fig. 28).
At the Experimental Plot the maanuka and mixed plots contained the lowest number of unique
taxa out of all the sites with 74 and 82 respectively (Table 6), yet along with the Flat Plot, they
had the highest representation of native invertebrates (~ 86%). The control plots interestingly
harboured the highest number of taxa (102) but also had the largest proportion of exotic
species (16.7%). Since the control plots were deliberately left unplanted and allowed to grow
fallow, they were dominated by non-native herbaceous species. Previous research revealed
the introduction of exotic plant species can alter invertebrate community assemblages, with
the potential to be advantageous to native generalists but also having the capacity to promote
an increase in non-native invertebrates (Crous et al., 2016; Rodríguez et al., 2019).

Kahikatea stand
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Fig. 30. Number of taxa at each site within each of the three trophic levels. Primary = saprophagous
feeders. Secondary = plant, sap, seeds, and fungi feeders. Tertiary = parasites and predators. Data
displayed is from soil samples, pitfall trap samples, and beating tray samples.

Table 6. Total numbers of distinct taxa identified at each site and the number of native and exotic taxa, as
well as the percentage that these comprise of the total for each site.

Site
Experimental Plot Maanuka
Experimental Plot - Mixed

Total taxa

Native (% of total)

Exotic (% of total)

74

64 (86.5)

10 (13.5)

82

71 (86.6)

11 (13.4)

Experimental Plot - Control

102

85 (83.3)

17 (16.7)

Flat Plot

91

79 (86.8)

12 (13.2)

Kahikatea stand

144

120 (83.3)

24 (16.6)

Interestingly, the family Ceratocombidae (order Hemiptera) were exclusively found in
maanuka dominated habitat, which could suggest an associated relationship, though further
investigations are needed. Few records of this family exist in New Zealand (Larivière &
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Larochelle, 2004) so it is a valuable find in itself. Additionally, despite being purportedly
widespread in Aotearoa, we did not identify any maanuka beetles of the genus Pyronota in
our study. Published records of this genus in the North Island are now at least 40 years old
(Brown, 1963; Thomson et al., 1979) and although records of P. festiva have been logged on
the iNaturalistNZ website in recent years, it is perhaps time to reassess their distribution in the
North Island. As the stands of mānuka-dominated habitat that were examined in this study
were still relatively young, we recommend further invertebrate surveys now that maanuka and
mixed plots have closed the canopy and suppressed most of the exotic weeds underneath.
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5. CONCLUSIONS AND
RECOMMENDATIONS
Our experiment demonstrated that nitrate concentrations in subsoil were higher in soil pore
water from the control plots than the maanuka plots. Similarly, soil moisture was higher in the
control plots than the maanuka plots. It is therefore likely that nitrate losses are higher from
the control plots than the maanuka plots. This indicates that planting riparian buffers with
maanuka provides extra benefits for N management compared with unplanted buffers.
Given the number of interrelated mechanisms that can affect the movement of N in the soilplant-water systems, explaining the reasons for this difference is very complex. Some of these
mechanisms can be due to differences in flux of water under maanuka compared with control
(due to rain inception and preferential flow), plant uptake and accumulation of leaf litter in the
soil, and interactions with microorganisms responsible for the mineralization, nitrification and
denitrification in the soil.
Soil quality can be improved with riparian plantings. This allows increased infiltration and
higher retention of nutrients, which is expected to contribute to an improvement in water
quality. It can be expected that the transformation of the riparian zone into native vegetation
will further continue to enhance the soil physical parameters. A decrease in soil density and
increase in soil macroporosity will allow better infiltration and make the land more resilient to
heavy rainfall events.
The effect of riparian planting on soil insect diversity was more pronounced than the effect on
soil physiochemical parameters two years after planting. Therefore, when considering soil
health, the diversity of arthropods would be an important component to complement the more
common analysis of soil physiochemical parameters.
This study indicates that ecosystems comprising swamp maanuka and companion species
should be used for riparian plantings in the lower Waikato Region. Areas that previously
received high fertiliser inputs can have nutrient concentrations that are too high for some
native plants. Plants that are susceptible to high concentration of nutrients in the soil might not
thrive at such locations. It is therefore important to determine the nutrient content of the soil
prior to planting. Maanuka, for example, should not be planted at such sites due to its higher
susceptibility. Instead, a buffer of other plants can be used. However, the plant requirements
of most of NZ native plants is unknown, and even less studied is the toxicity of excess
nutrients. Further research to understand the soil requirements for the native plants most
frequently planted in agricultural areas will improve the establishment of native ecosystems in
these mosaic landscapes.
iven that the weeds found in our plots (mostly fleabane, pasture and cock’s-foot) were not
an important impediment for the survival and growth of native plants, the cost of establishing
native plant cover in this situation was largely determined by the costs to purchase and plant
the seedlings. It is therefore cheaper to plant at a lower density. However, for trees that have
a slow growth and/or low crown volume, planting at a higher density will result in faster canopy
closure.
At a lower planting density, some plants might not have large enough crown diameters to
achieve a closed canopy. Planting density will therefore depend on the size of the plants and
their crown volume. For example, small leaved Coprosma spp. need to be planted closer
together than large leaved species such as karamu (Coprosma robusta). In drier areas, where
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large and fast-growing trees were planted (such as akeake), canopy closure might happen at
a lower density.
If plants are planted at a high density, they are expected to self-thin after canopy closure. At
this point the plants increase in height more than crown diameter. The trees that die as a
consequence of self-thinning can create a suitable habitat for insects and other biota, which
can increase the diversity of invertebrates and as a consequence, other animals feeding on
them.
The results obtained in this project are fundamental to planning future riparian plantings in the
lower Waikato Region. However, a key unknown is how nutrient fluxes will change as the
ecosystem ages, and mostly, what the role plant species mixtures are in the movement of
contaminants. These mixed plots have been less studied than the maanuka plots, and most
likely will offer a wide range of results depending on individual species, or the combinations of
them. We suggest that the experimental site be maintained and monitored to address this
critical question. Further opportunities rise from the potential carbon sequestration that the
plots could offer by increasing biomass and carbon retention in the soil. There is still a lacuna
of knowledge about the inclusion of natural ecosystems in the carbon credits scheme. In
addition, there are abundant opportunities to study a wider range of organism taxonomic
rank’s, such as archaea, bacteria, and eukaryote.
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