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Abstract

Abstract

Water table regime in peatlands (depth below the peat surface) is an important driver in
biochemical processes. A deep water table can lead to increased rates of peat decomposition
resulting in surface subsidence, release of carbon and changes to the vegetation cover. This
study focused on the factors responsible for the unnaturally deep and highly fluctuating water
table regime at Moanatuatua, a remnant peat bog, in contrast to the hydrologically pristine
Kopuatai bog, with a shallow, more stable water table.

Moanatuatua Scientific Reserve in the Hamilton basin is the 1.1 km? remnant of a former 75
km? raised peat bog, and Kopuatai bog covers an area of 96 km? on the Hauraki plains. Native
bog vegetation in the Waikato is dominated by two species from the Restionaceae family of
vascular plants, Empodisma robustum and Sporadanthus ferrugineus. Water table
measurements at Moanatuatua were obtained from nine pressure transducers across an east to
west transect of the bog. At Kopuatai, water table measurements were taken from a single
reference site. At both bogs evaporation and rainfall were measured by eddy covariance towers.
Three years of measurements (1 September 2015 — 31 August 2018) were used to compare the
two sites.

The water table at Moanatuatua was consistently very deep for a peat bog and had a strong
seasonal cycle resulting in a deeper water table in summer and a shallower water table in winter,
with a mean depth of -601 mm below the surface for the three-year study period. Kopuatai also
showed a seasonal pattern although the water table did not reach the same extreme depths with
a mean water table depth of -25 mm. The water table at Moanatuatua followed the domed shape
of the peat surface, but remained well below the peat surface for the duration of the study. The
pattern of water table depth across Moanatuatua indicated that the border drains do not cause a
drawdown effect on the water table across the entire transect of the bog. Similar water table
depths were found 18 years ago suggesting that the hydrological regime at Moanatuatua has
not altered much in this time.

Evaporation rates from Moanatuatua were higher than Kopuatai. Mean daily evaporation from
Moanatuatua was 2.2 mm and Kopuatai 1.8 mm for the entire study period. Eliminating wet
canopy influences the evaporation rate at Moanatuatua was 2.0 mm day and at Kopuatai of
1.45 mm day. Mean annual water balance inputs into the bog (rainfall — evaporation) were
587 mm at Moanatuatua and 872 mm at Kopuatai. If the late successional vegetation at
Moanatuatua were replaced with early successional vegetation as present at Kopuatai, it is
estimated that an average water balance would have been of 741 mm, resulting in more water
available for potential water table recharge.
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Chapter One Introduction

Introduction

1.1 Global and New Zealand peatland distribution

Peatlands are ecologically important due to their distinct biota and are environmentally
important as carbon sinks (Schipper & McLeod, 2002; Yu et al., 2010). Globally, peatlands
contain around the same amount of carbon as the atmosphere (Clymo & Bryant, 2008), and
store an estimated 20 % to 30 % of the world soil organic carbon (Chimner et al., 2016).
Peatlands are estimated to cover 3 % of the land surface of the planet are found in all climatic
zones, although their largest extents are located in cooler wetter areas (Figure 1.1) (Xu et al,
2018).
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Figure 1.1 Global peatland distribution derived from PEATMAP (Xu et al, 2018).

Peatlands are a subset of wetland ecosystems and half of the global wetlands have been lost,
this includes 90 % lost in New Zealand in just 150 years (Clarkson et al., 2013) (Figure 1.2).
In New Zealand 16 % of historic wetlands remain in the South Island and 5 % in the North
Island (Ausseil et al., 2011). Peatlands cover an estimated 166,000 km? of New Zealand
(Davoren, 1978) with 940 km? found in the Waikato region, 80 % of which have been drained
mostly for pasture (Pronger et al., 2014) Preserving these few fragile ecosystems, both globally
and locally, is important to save their ecosystem services, including preventing fluxes of carbon

leaving the bog system. The water table of a peatland, which is aresult of abog’s water balance,
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Chapter One Introduction

is one of the main controls on ecosystem functioning (Labadz et al., 2010) and is the main
control preventing oxidation of stored carbon being released to the atmosphere (Clymo &
Bryant, 2008)
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Figure 1.2: Maps of current and historic extent of freshwater wetlands (blue areas) in New
Zealand. Wetland extent, historic — 2003 (Ausseil et al., 2011).

1.2 Hydrology and ecology of peatlands affected by low water tables

Water input to a peatland can include streams, ground water, overland flow, flooding,
subsurface flow and will always include precipitation (Campbell and Jackson, 2004). Peatlands
can lose water through evaporation and subsurface flow in pore spaces in the peat; the flow of
water is determined by the hydraulic conductivity of the peat (Labadz et al., 2010) which
increases with depth. Overland flow also occurs as the soil tends to be close to saturation

therefore surface inundation can occur rapidly (Ingram, 1983).

The water balance of an ombrotrophic peat bog is usually controlled by inputs of precipitation
exceeding outputs via evaporation and lateral seepage. When precipitation dominates then the
water table will be maintained at or near the surface. Therefore the water balance of an

ombrotrophic peat bog can be found using a simple water balance equation including
2



Chapter One Introduction

precipitation (P) and evaporation (E). For example a change in water storage (AS) can be
established using AS = P — E. This change in water storage will translate to a change in water
table height. The water table depth below the peat surface impacts on the biological, chemical
and physical, properties of peat (Laiho et al., 2003). If the water table is lowered for a prolonged
period of time these properties will usually change. The surface of a bog is known to oscillate
with water table fluctuations, as the peat matrix responds to changes in effective stress (Fritz
et al., 2008). Along with the added water the vegetation can also aid in the surface elevation
changes due to gas bubbles found on the root hair fibres beneath the peat surface (Hodges &
Rapson, 2010). Peat surface fluctuates higher in pristine bogs with unaltered peat, whereas in
highly mineralised peat the peat matrix is less flexible due to compacted pore space reducing

the magnitude of oscillation (Price & Schlotzhauer, 1999).

Water tables fluctuate seasonally, but if a low water table is maintained then the peat will
decompose at an accelerated rate resulting in the peatland converting from a CO2 sink to a CO2
source (Goodrich et al., 2017). Other impacts of a sustained low water table can include an
alteration in vegetation and peat consolidation and subsidence (Labadz et al., 2010). As the
environment becomes more favourable to invasive species the invasive species can continue to
alter the chemical and physical composition of the bog (Laine et al., 1995). Afforestation can
occur and a change to vegetation with deeper roots that can reach the new water table will begin
to thrive (Clarkson et al., 1999; Laine et al., 1995). This can lead to higher rates of transpiration,
substrate oxygenation and surface warming and therefore continue the lowering of the water
table

In the Northern Hemisphere the dominant peat formers are Sphagnum mosses and most
research has focused in this area (Clymo, 1983). Although Sphagnum mosses are also found in
New Zealand, the most common peat forming vegetation are representatives of the restiad
family of vascular plants. This family is also found in Australia and southern Africa but often
in drier conditions (Ingram, 1983). Peat bog vegetation has to be adapted to the water logged
environment and in the case of New Zealand’s Empodisma robustum can alter its environment
to ensure that the peat surface stays just at or above the water table (Hodges & Rapson, 2010).
Native vascular peatland vegetation can help reduce evaporative water loss from the peat
surface, with a dense canopy and small leaf surface area along with water conservation via

stomatal control (Campbell & Williamson, 1997). Pristine bogs such as Kopuatai maintain a

3



Chapter One Introduction

water table that is at or near the surface and is vegetated with predominately E. robustum.
Alternatively some peatlands have been progressively drained for agricultural, forestry and
urban development, which results in a lowered water table. One such peatbog is Moanatuatua
where the remaining bog extent grows native vegetation, but the surrounding area is now is

used for pasture.

1.3 Hydrology and ecology of Moanatuatua Scientific Reserve

Moanatuatua Scientific Reserve is a small 1.4 km? remnant at that was once 75 km? (Figure
1.3) (Clarkson et al., 2004). The surrounding land has been drained for agriculture and ring
drains surround the reserve causing further draw down of the water table (Clarkson et al., 1999).
In New Zealand peat converted to pasture subsides at about 2 cm year (Pronger et al., 2014).
Previous studies on the hydrology of Moanatuatua bog show that the water table is affected by
the border drains by about 20 m towards the center of the bog (Grimshaw, 2000). When
restoring a bog to its original state or preventing further lowering of the water table changing
the hydrology of the surrounding land is better than just trying to alter the internal hydrology
of the bog itself (Littlewood et al., 2010) although this is often not an option.

Figure 1.3: Aerial photo of the remaining unconverted Moanatuatua bog (Waikato Regional
Council, 1999)

4



Chapter One Introduction

1.3.1 Drainage history

Moanatuatua has a history of drainage and conversion to pasture and horticulture which began
in the 1800s with the European confiscation of land of the Waikato area in 1893 (Smallfield,
1939).

Mr. Young from the Monavale District on the Moanatuatua plains suggested Moanatuatua
swamp, being one of the richest swamp lands in the Waipa, be drained and made
recommendations to the house of Parliament to drain the 89 km? swamp and sell it as crown
land (MacKay, 1912).

In 1915 a government engineer Mr Thompson stated that the peat depth varied from 30-40 ft.
(9.14 — 12.19 m) across most of the swamp but drainage was yet to begin due to the cost (New
Zealand Herald 1915).

Drainage and conversion proved difficult due to fast re-establishment of native vegetation
(Cranwell, 1939) and large areas had yet to be converted, by the 1930’s most of Moanatuatua
was covered in native vegetation and only at the edges the peat was shallow enough to be
developed. Drainage was recommended for the area but with maintaining a high water table in
summer (Smallfield, 1939). During the 1950s considerable drainage occurred (Wallace, 1978)
and with continued conversion most of the original bog had been converted by 1974, with the
remaining extent at close what is there now (Matheson, 1979).

Between 1925 and 2004 the peat surface has subsided by an estimated 2.53 m (Mckenzie, 2004).

The water table was at or close to the surface in the 1930s and Sporadanthus ferrugineus was
the dominant vegetation in the centre of the bog (Cranwell, 1939), and even after conversion
of Moanatuatua by burning and cultivation, the water table remained near the surface
(Campbell, 1964). Over 10 years later in 1977, after almost all of the bog had been drained,
however, at the remaining extent the water table remained near the surface and was not
influenced by drainage (Matheson, 1979). But recent studies suggest that in 20 years there was
a steep decline and by 2000 the mean water table depth of 580 mm below the surface was
reached (Campbell et al., 2014).
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1.4 Overarching aim of the thesis

This aim of this thesis is to determine the main factors responsible for maintaining an
unnaturally low water table (WT) within Moanatuatua Scientific Reserve. Knowing why the
WT is low is paramount in order to understand appropriate hydrological manipulation or
management strategies that may lead to the bog’s recovery to more natural conditions. The
hypothesis is that the main driver for the low water table is increased evaporation rates from
the late successional vegetation, namely S. ferrugineus and the shrub Epacris pauciflora, and

that the bordering farm drains only cause a localised impact along the edge of the bog.

1.5 Thesis objectives

Using three years of water table measurements and eddy covariance (EC) measurements of
evaporation rate the relationship between the water table depth and evaporation has been
examined under different environmental drivers. The results were then compared with the
hydrological regime at an unmodified peat bog (Kopuatai) to understand what the differences

are and how any negative impacts can be reduced or reversed.

1.5.1 Objective one:

Utilise data from the established hydrological transect network of nine water level pressure
transducers over a three year period 1 September 2015 — 31 August 2018, to describe the water
table regime spatially and over time. This will predominantly investigate the spatial aspect of
the water table across a 675 m transect of Moanatuatua bog in relation to the border drains. The
survey data from each site will also be used to obtain the shape of the peatland surface and

investigate the magnitude of peat surface oscillation.

1.5.2 Objective two:

To utilise EC measurements of evaporation, and measured rainfall, to compose seasonal and
annual water balances at Moanatuatua. Then to compare and contrast with measured water
balances of the hydrologically intact Kopuatai bog, in the Hauraki Plains. The EC
measurements will be used to quantify whether there is a sufficiently large difference in water

balance between the sites to explain water table regime differences.
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1.6 Thesis outline

Chapter two is a literature review with more detailed information on the hydrological
functioning of peatlands and how they differ globally. This chapter will then focus on New
Zealand peatlands and how they have been affected by drainage and land conversion. It will
review how the drainage has affected the water table of the peatlands compared with

unmodified peatlands and subsequent ramifications are from this.

Chapter three will give a description of the study sites at Moanatuatua and Kopuatai bogs and
the methodology employed in this study. Moanatuatua is ecologically significant as it is one of
the few remaining peatlands in the Waikato where New Zealand endemic S. ferrugineus grows
(Clarkson et al., 1999). Kopuatai has been chosen as a reference site to compare the water table
regime of the two contrasting bogs, as it is a relatively unmodified large bog system where the
edge effects of drainage and land conversion have much less impact on the internal ecosystem
(Thompson et al., 1999). The dominant plant species at Kopuatai towards the centre of the bog

is Empodisma robustum.

Chapters four and five will focus on the results for the two objectives, with a brief introduction,
methods used for each section study will be described in detail in these chapters along with
results.

Chapter four will describe the water table regime at Moanatuatua from data collected during a
three year period, the water table regime at Moanatuatua will also be compared with Kopuatai.
Chapter five will use data obtained from the eddy covariance towers and measured rainfall at
Moanatuatua and Kopuatai bogs and describe differences in evaporation regimes at the two
sites. The data will be used to establish individual seasonal and annual trends at both sites to

obtain the water balance over a three year period.

Chapter six is a discussion that draws together the results supplied in chapters four and five
and establishes the main factor/s responsible for the maintenance of the un-naturally low water
table at Moanatuatua, and recommend strategies to prevent further degradation or recovery to

a more natural water table.
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Literature Review — Hydrological and ecological

functioning of peatlands

2.1 Defining peat

Peat is the product of accumulation of dead plant material found in wetlands, mostly at the
surface although a portion of it comes from the root system (Clymo, 1983). The definition of
peatlands differs from region to region with varying minimum depths of peat from 10 cm to
100 cm and soil descriptions which can contain anywhere from 18 — 50 % organic matter (Yu
et al., 2018) or even up to 99 % such as some Sphagnum peats (Clymo, 1983). The term
peatlands in New Zealand includes areas that are currently saturated and those that have been
drained for alternative land use (Campbell & Jackson, 2004). Under the New Zealand Soil
classification system by Hewitt (2010) peat is classified as an Organic Soil which is poorly

drained and can contain up to 70 % organic matter.

2.1.1 Peat formation

Peat forms in situ from the accumulation of plant matter in permanently saturated conditions
(Ingram, 1982) often on a mineral substrate (Ivanov, 1981). The decay of the plant matter is
inhibited due to the anaerobic conditions as a result of elevated water levels which are
maintained due to the water balance of the peat and the vegetation’s composition and
behavioural traits. The water levels are maintained due to an equilibrium between recharge and
water loss (Ingram, 1982). Sphagnum peat forms as the moss dies off and the resulting litter
accumulates on the surface whereas, peat formed from vascular species has below ground
biomass addition from roots and rhizomes and can add organic matter as much as 2 m deep
(Clymo, 1983). Peat accumulation happens at the base of the acrotelm (or top of catotelm)
(refer to section 2.24 for further description on these two peat layers) when plant litter is
deposited and subsequently consolidated by the weight of overlying material (Belyea & Clymo,
2001). Over time the peat builds ups to form a shallow layer of organic material that is above

the regional water table creating a dome, and continues to grow.
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2.2 Peatland Types

Peat is found in areas where the soil is poorly drained and the accumulation of plant litter
exceeds or is equal to the rate of decomposition (Hewitt, 2010). Palustrine wetlands are those
that have no moisture input from running water and includes swamps, fens and bogs (Shearer,
1997). These can be classified based on their nutrient (trophic) status which is intricately linked
to their hydrology. The trophic status also dictates the vegetation types which can grow on the

individual wetland types.

2.2.1 Swamps

Swamps (Figure 2.1) can support trees and other woody plants (Johnson & Gerbeaux, 2004)
and have the highest trophic status of the three wetland types as they receive nutrients from
mineral sediments found in nearby flooding rivers, groundwater and hill slope run off
(Campbell & Jackson, 2004).

R~
a ’

Figure 2.1 Kahikatea forest swamp, New Zealand
(http://www.TeAra.govt.nz/en/photograph/12579/kahikatea).

10
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2.2.2 Fens

Fens (Figure 2.2) commonly have higher nutrient concentrations than bogs (Shearer, 1997) due
to water input from streams and groundwater but lack the nutrient input from mineral sediment
found in flooding rivers (Campbell & Jackson, 2004). They are moderately acidic and range
from oligotrophic to mesotrophic; resulting in lower trophic status than swamps (Johnson &
Gerbeaux, 2004). Fen vegetation can include sedges, ferns, tussock grasses, restiads and scrub
(Johnson & Gerbeaux, 2004).

Figure 2.2: New Zealand fen with tussock grasses
(http://www.wetlandtrust.org.nz/Site/Why Wetlands/Types_of Wetlands.ashx)

2.2.3 Bogs

Bogs (Figure 2.3) are nutrient poor (oligotrophic) from having no nutrient input from mineral
soils, streams or groundwater (Johnson & Gerbeaux, 2004). The only water input comes from
nutrient poor precipitation. Bogs are typically raised above the surrounding land due to the
accumulation of peat that rises above the regional water table (Shearer, 1997). Dominant
vegetation includes mosses, cushion plants, lichens, sedges, restiads, grasses, ferns, shrubs and
trees (Johnson & Gerbeaux, 2004).

11
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Figure 2.3: New Zealand bog with tangle fern and restiads
(http://www.wetlandtrust.org.nz/Site/Why Wetlands/Types_of Wetlands.ashx)

2.3 Diplotelmic stratigraphy of peat bogs

Peat bogs can be divided into two stratigraphic soil layers of differing characteristics and
therefore referred to as diplotelmic (Ingram, 1978). The two individual layers are divided by
the presence or absence of oxygen determined by the maximum depth of the water table. The
aerobic upper layer and anaerobic bottom layer have been termed acrotelm and catotelm
respectively (Ivanov, 1981).

The acrotelm is often referred to as the active layer and is more susceptible to decomposition
due to the addition of oxygen as the water table fluctuates. This layer is considered the peat
forming layer (Ingram, 1983). The acrotelm contains living and dead plant material and
interacts with the atmosphere through exchanges of oxygen and water via precipitation and
evaporation (lvanov, 1981). The depth of water level fluctuation within the acrotelm
determines its thickness. Water exchange can occur rapidly due to the high porosity of the
accumulating organic matter in the upper layer, this material has a high hydraulic conductivity

and high specific yield allowing water to move more easily though this surface layer (Ingram,
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1983). The lowest position of the water table corresponds with the bottom of the acrotelm and

top of the catotelm (Figure 2.4) (Ingram, 1978).

Catotelm

Figure 2.4: Stratigraphy of a peat bog. The acrotelm sits above the water table with the
permanently saturated catotelm located below the water table.

Below this is the catotelm which is more compact and less affected by oxygen (Ingram, 1978).
The size of the pores are reduced due to the pressure exerted on them from the overlying peat,
level of the water table and atmospheric influences (Ivanov, 1981). The hydraulic conductivity
is reduced due to a reduction in porosity from the compacted plant material this results in a
strong resistance to flow (Ingram, 1983). The lack of oxygen in the catotelm reduces
decomposition rates and therefore carbon fluxes are limited creating a store of organic carbon.
Methanogenesis occurs in this layer due to anaerobic decomposition this process may affect
the relative water level by increasing gas bubbles and thus increasing the height of the peat
surface (Strack et al., 2005).

The relative thickness of the physically distinct layers influences plant growth, decomposition
rates, and water movement. The boundary in between the acrotelm and catotelm is not linear
or fixed and can vary both spatially (humps and hollows along a bog transect) and temporally
with prolonged water level fluctuations (Ingram, 1983), such as seasonally or with long term

changes in climate.
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2.3.1 Shape of a raised peat bog

As peat accumulates on the surface of a mineral layer it begins to form a domed shape, with
the central part of the bog rising up to 10 m higher than the margins (Ingram, 1982). The water
table rises at the same rate as the peat surface, this process occurs over 1000’s of years (Baird
et al., 2008). This is possible as the water table is maintained due to the low hydraulic
conductivity towards the margins of a bog (Baird et al., 2008). The lower hydraulic
conductivity at the margins is fundamental not only for maintaining the water table but also for
the growth of bog dome (Baird et al., 2008; Lapen et al., 2005). Seepage is also restricted
through the catotelm as low hydraulic conductivity values in this layer suggest negligible
amounts of flow (Baird et al., 2008).

There has been ongoing interest in peatland modelling. One of the earliest approaches was
based on a simple steady-state model or a circular raised bog by Ingram (1987). This model
assumed a single value for hydraulic conductivity and did not take into account changes in
depth. Diameter and radius of the bog were also taken into account. Along with rainfall —
evaporation. Later studies have adapted this model to take into account changes in hydraulic
conductivity with depth i.e. Baird et al. (2008).

2.4 Water balance of a raised peat bog

Hydrology is a fundamental component affecting peat bog ecosystem functioning (Labadz et
al., 2010). The overall water balance of a peat bog is expressed via water inputs, outputs and
storage (Rydin et al., 2013). Water inputs in an oligotrophic bog are from precipitation (P)
since there is normally negligible ground water inflow; outputs are evaporation (E) from the
surface of soil and vegetation and transpiration from internal processes of the vegetation,
overland flow from infiltration excess (R) and ground water export as lateral flow (F) (Ingram,
1983). Lateral flow in peatland is subjective to the hydraulic conductivity and change in head
gradient (Ah) (Ingram, 1983).

The change in storage (AS) of water within a peat bog can be established using the equation

AS=P—_(E+R+F)
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2.4.1 Precipitation

The main form of recharge into an ombrotrophic bog is through precipitation. However,
groundwater may supply a small input into the bog through the base of margins surrounding
the bog (Ingram, 1983). Precipitation into the system is commonly measured using tipping
bucket rain gauges that automatically measure rainfall. Systematic errors in rain gauges can
occur during high intensity rainfall. The rainfall rate may exceed the speed at which the bucket
can tip and strong winds can lead to under estimation of precipitation due to rain drops not
entering the bucket. Other errors include evaporation in the bucket before it has a chance to tip.

All the errors result in an under estimation of rainfall (Molini et al., 2005).

2.4.2 Evaporation

The major controls on evaporation rates include meteorological factors of solar radiation, air
temperature, humidity, wind speed, and vegetation physiology; such as stomatal control, leaf
area and canopy height. Evaporation comes from either direct evaporation from moist land and
vegetation surfaces or transpiration via internal plant processes (Ingram, 1983). Transpiration
from plants has been estimated to be 80 to 90 percent of the total evaporation from the
continents (Jasechko et al., 2013). Evaporation as a function of vegetation will be discussed in
depth in the subsection 2.6 ‘Vegetation types’.

Evaporation can be measured using micrometeorological methods such as EC, which measures
vertical turbulent transport of gas molecules. Fluxes of water vapour, carbon dioxide, methane,
and nitrous oxide can be determined from vegetation, soil, water surfaces (Burba, 2013). Open
water evaporation is often used to compared evaporation rates from wetlands and uses the
Penman method (Ingram, 1983). Another approach is using the evaporation equilibrium (Eeg),
which is the evaporation rate which would occur over a wet surface without advective
influences and less dependent on local energy partitioning (Thompson et al., 1999).

Evaporation can then be compared with Eeg as an index of total evaporation.

2.4.3 Overland flow

When precipitation occurs rapidly, over a long period of time or when the water table is already
elevated, recharge rates can exceed infiltration rates of the peat resulting in overland flow

(Ingram, 1983). Overland flow is not a major contribution to water loss as most water travels
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though the profile and exits horizontally. Water that starts as overland flow may end as lateral

seepage if the water enters macropores and flows though the soil profile (Holden & Burt, 2003).

2.4.4 Groundwater discharge

Ground water discharge is usually small and normally occurs though the catotelm, but first
travels though the acrotelm where the larger pore spaces allow water to move more freely
(Ingram, 1983). The domed shape of a raised peat bog can be referred to as a ground water
mound (Ingram, 1982) and the water table broadly resembles the shape of the raised peat
surface with a drawdown towards the edges (Ingram, 1983). Groundwater flows from areas of
high hydraulic head to areas of low hydraulic head, and is dependent on elevation head above
a fixed datum. Therefore water flows from the centre of the bog to the edges when precipitation
is adequate. This may occur more readily where there is a drain along the edges increasing the
hydrological head from high at the centre of the bog to low at the drain. The hydraulic
conductivity of peat is highly variable therefore can vary over several metres of magnitude
both horizontally and vertically within just a few metres (Rycroft et al., 1975).

Porosity of the peat influences the flow of water. The porosity is higher in the acrotelm although
pipes in the catotelm are common in upland peats in the UK. The low hydraulic conductivity
of peat reduced downward seepage though the peat and this is exasperated in strongly humified
peat layers (Schouwenaars, 1993). Little research has been done on the effect of macropores in
New Zealand peat bogs, these large spaces allow for easier water transport from the peat and

flow rates can increase due to drainage of the surrounding area (Labadz et al., 2010).

2.4.5 Specific yield

Specific yield of peat can provide information on how water is released from peat as a result
of lowering the water table. Specific yield (Sy) can be defined as the ratio of water released
from a material (rock or soil) under the influence of gravity in relation to the volume the
material. Although this can be complicated by trapped air, non-steady-state conditions and
hysteresis among others (Logsdon et al., 2010).

Therefore specific yield can be calculated using the equation

AVol/A
Sy= /
Ah
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Where AVol was a fixed volume of daily water removed from a lysimetre, Ah was the change
in water table height and A was the area of the lysimetre (Price, 1992).

Specific yield varies with depth and the physical properties of the peat such as the degree of
decomposition and reduction is pore sizes, with lower values observed in decomposed peat
(Price & Schlotzhauer, 1999). Fibrous peat, has larger pore spaces due to the fact it contains
more than two-thirds fibres, has the potential to release more than 45 % of the stored water
after lowering of the water table (Verry & Boelter, 1978). Price (1996) compared an intact
peatland with a specific yield of 0.35 — 0.55 with a peatland disturbed by removal of the upper
layer of peat which resulted in a specific yield of 0.04 — 0.06. With the higher the percentage
the more degraded the peat (Price, 1996). This reduction in specific yield corresponds with a
reduction in pore spaces due to compaction, Price suggests that the water balance of a disturbed

site can be restored even though the peats physical properties cannot as easily be reversed.

2.5 Water table

Establishing the characteristics of a peat bogs hydrology can be achieved by monitoring
changes in the water table (Labadz et al., 2010). The water table level is one of the most
ecologically important hydrological properties in wetlands (Lafleur et al., 2005). The level of
the water table is controlled by the water balance and precipitation has to match or exceed
evaporation on an annual timescale for the water table to be maintained. The water table can
be measured in two ways; (1) from the surface of the peat to the water table which is known as
the relative water level (RWL); or (2) the absolute water level (AWL) which is with reference
to a fixed datum below the peat surface (e.g. mean sea level). The difference between AWL
and RWL is assumed to be minimal in mineral aquifers (Fritz et al., 2008), but the same is not
true for peat with a oscillating surface level. The peat surface oscillates when the water table
drops, reducing the pore water pressure and peat matrix, therefore the AWL fluctuations affects
the RWL by causing the peat to move with the water table (Fritz et al., 2008) This is not the
same for the RWL as this is relative to the peat surface which varies with consolidation and
water absorption. The water table level is important, because if it is too low the top layer of
plant litter will decompose and if it is too high plant growth is retarded due to low oxygen
levels (Bonn et al., 2016). When peat decomposes the physical properties change, this can
result in a lower water storage capacity and result in higher groundwater fluctuations. These
fluctuations can lead to lower summer water tables, which will further drive the decomposition

due to longer periods of oxidisation and microbiological activity (Schouwenaars, 1993).
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2.6 Peat surface oscillation

Surface oscillation is a unique characteristic of peatlands and an important hydrological feature.
The peat surface oscillates both daily and seasonally with the changing water levels (Fritz et
al., 2008), and this surface level fluctuation is known in German as Mooratmung, or mire
breathing (Ingram, 1983). Surface elevation of peat will respond to the level of soil moisture
as the peat expands or contracts due to the highly deformable peat matrix (Fritz et al., 2008).
Peat with larger pore spaces is more compressible and the level of oscillation is higher,
compared to decomposed peat with smaller pore spaces or peat with a higher mineral content
(Howie & Hebda, 2018; Price & Schlotzhauer, 1999). The main factor affecting the level of
the peat surface is hydrostatic pore pressure and the elasticity of the peat matrix, although other
causes include floating mats, atmospheric pressure and methane bubbles formed within the
peat (Howie et al., 2009). Methanogenesis, a form of anaerobic decomposition gives rise to gas
bubbles which move through the peat and may become blocked by the peat matrix restricting
other gas from rising, forming a layer of gas in the peat elevating the peat surface (Strack et
al., 2005). The water table can drop when air enters the pore spaces, or evaporation above the
water table reduces pore volume thus lowering the peat surface. Therefore the peat surface is

usually higher in winter and lower in summer as precipitation is reduced.

Surface oscillation can change spatially across a bog and is often correlated with changes in
vegetation cover and/or peat thickness, with surface in the centre of the bog reaching higher
elevations (Fritz et al., 2008). Plant community composition is strongly linked to surface
elevation changes (Fritz et al., 2008; Howie & Hebda, 2018). In New Zealand E. robustum
prefers to stay above the water table but in areas that have larger percentage of Leptospermum
scoparium the peat surface does not oscillate as dramatically (Fritz et al., 2008). E. robustum
can influence the surface elevation by using gas bubbles on the root fibres to effectively “float”
on the water surface to ensure that the peat surface stays above the water table (Hodges &
Rapson, 2010). Sphagnum peat has a low bulk density and increased water storage capacity
ensuring that the peat remains saturated and the moss stays on or below the water table
(Golubev & Whittington, 2018). As peat is compacted due to drainage and consolidation
hydraulic conductivity decreases which can result in water limitations to plants as upward
capillary flow is restricted (Price & Schlotzhauer, 1999). Water table movements can affect the
root zone therefore the water table depth may be as important as surface oscillation for
vegetation composition and survival.
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2.7 Vegetation types

Plant species play an important role in the formation of peat and the vegetation is intricately
linked to the hydrology affecting surface flow, groundwater and evaporation rates (Price et al.,
2016). Different vegetation types result in different levels of transpiration as a result of water
availability, leaf surface area and density of stomata on the leaf surface. Peat bog vegetation
can help prevent evaporation from the bog surface due to the dense canopy and stomatal control
preventing excessive transpiration (Campbell & Williamson, 1997). Therefore, as the dominant
wetland vegetation on a peat bog is out competed, often due to lowered water tables,
evaporation rates from the surface of the bog can change, impacting the water table regime and
peat physiology (Frankl & Schmeidl, 2000).

Peatland vegetation can include woody plants, shrubs and mosses, and contribute to the main
peat forming litter for an individual bog (Rydin et al., 2013). Peatland distribution varies
throughout the globe dependant on the local climates water balance (McGlone, 2009). Most
studies on peat bogs have been Northern Hemisphere-focused where peat bogs are dominated
by mosses from the bog Sphagnum genus (Clarkson et al., 2004; Limpens et al., 2008) in
contrast to peat forming vegetation in New Zealand which is predominately comprised of

members of the Restionaceae family of vascular plants.

2.7.1 Sphagnum mosses and their hydrological importance

In the Northern Hemisphere the dominant peat forming vegetation on bogs are bryophytes,
predominantly mosses from the Sphagnum genus (Littlewood et al., 2010; Rydin et al., 2013).
Here, peat mosses are adapted to cold, water logged, low nutrient acidic environments (Rydin
et al., 2013). Cold climates in the Northern Hemisphere account for 80 % of global peatlands
with the remaining areas found in climates which are tropical to subtropical (Limpens et al.,
2008). Other vegetation found in Northern hemisphere bogs includes sedges and shrubs. Tree
species are found in the bogs although these are often sparse due to the poor soil aeration
limiting growth (Laiho et al., 2003)

Sphagnum mosses lack vascular tissue and root structures causing them to be decoupled from
the water table and highly susceptible to water table fluctuation (Golubev & Whittington, 2018).
When water is not limiting evaporation from Sphagnum is higher than open water evaporation

(Schouwenaars, 1993). Due to the lack of stomata mosses have no direct control over water
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loss though photosynthesis, and primary production decreases as the water table drops and
evaporation rates are reduced (Schouwenaars, 1993). If moisture in the acrotelm becomes
limited for a prolonged period of time the pore spaces in the peat are reduced, this causes a
reduction in the pressure head near the surface, and eventually water will be drawn out of the
cells in the Sphagnum leading to desiccation (Strack et al., 2009). Therefore to ensure survival
Sphagnum helps maintain the water level above the regional water table level by drawing water
upwards using capillary action in the small pore spaces between the leaves, branches and stems
(Rydin et al., 2013). The moss acts like a sponge retaining water within its structure and can
hold holds 15 times its dry weight (Clymo, 1983) adapting to a fluctuating water table by
swelling and contracting in response to the water levels (Strack et al., 2009). Due to the
structure of the mosses cell walls and biochemical properties of Sphagnum, peat formed from

moss has low decomposition rates even when oxidized (Bengtsson et al., 2016).

2.7.2 Vascular restiad species and their hydrological importance

Peatland vegetation in the New Zealand is dominated by three species from the Restionaceae
(restiad) family of vascular plants namely E. robustum, E. minus and S. ferrugineus (de Lange
et al., 1999; Wagstaff & Clarkson, 2012). Sphagnum mosses are also found but do not
contribute significantly to the formation of the peat therefore Empodisma spp. are the main

peat former in northern New Zealand bogs (Campbell, 1964).

E. robustum plays an important role in water conservation as it has high canopy resistance and
conservative evaporation rates that prevent evaporation (Campbell & Williamson, 1997).
Campbell & Williamson (1997) measured summertime evaporation from Kopuatai bog and
found extremely low rates, indicating strong canopy resistance. The sensible heat flux was the
dominant energy flux during their study and latent heat flux only became dominant when the
canopy was wetted after rainfall when the intercepted water was available for evaporation. The
low rates of evaporation were suggested to be due to physiological adaptions of E. robustum
of controlling water loss though its stomata, as well as the dense canopy, predominantly
comprised of standing litter (Campbell & Williamson, 1997; Thompson et al., 1999).

E. robustum also helps maintain the high water table using a dense network of root hairs which
help to maintain the high moisture content of the soil along with the reduced evaporation rates
(Matheson, 1979). The matted root fibres act like a sponge with a water holding ability of 15

times its dry weight (Campbell, 1964) similar to Sphagnum. The matted root fibres result in
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lower hydraulic conductivity in the acrotelm of restiad bogs compared to that of Sphagnum
bogs (Clarkson et al., 1999)

A study by Thompson et al., (1999) showed that the late successional S. ferrugineus loses more
water to the atmosphere than E. robustum although they both show strong behavioural traits to
prevent excessive water loss. Therefore, as the dominant vegetation on a peat bog moves
towards a higher percentage of S. ferrugineus cover the higher evaporation rates from the

surface of the bog can increase the depth of the water table away from the bog surface.

2.7.3 Restiad species succession

The successional gradient of successional vegetation in a restiad dominated bog moves from
early successional sedges through to mid successional Empodisma sp. and finally late
successional S. ferrugineus. As succession occurs nutrient availability decreases, acidity
increases and surface peat becomes less decomposed. S. ferrugineus thrive in an environment
with a low pH, low peat decomposition, and low nutrient level (low total phosphorus,
potassium and nitrogen) whereas E. robustum has a much wider environmental range (Clarkson
et al, 2004). Therefore in the later stages of development S. ferrugineus becomes the dominant
cover with an understory of E. robustum. Ombrotrophic bog vegetation has adapted to the low
nutrient environment where the only nutrients are from rainfall and therefore will outcompete
potential rivals by growing tall and therefore intercept the precipitation first (Hodges &
Rapson, 2010). As species succession moves towards a S. ferrugineus dominated bog
evaporation rates will increase as S. ferrugineus has almost twice the evaporation rates from a
dry canopy than that of E. robustum, which could consequently alter the hydrology of a long
established bog (Campbell & Williamson, 1997; Thompson et al., 1999). Little is known about
evaporation from the E. pauciflora which is also a late successional plant that is often found at

sites where S. ferrugineus grows.

2.8 Peatlands affected by low water tables

Peatlands have been drained globally for various alternative land uses, including agriculture,

roads and forestry, and the land use change often results in a lower mean water table (Chimner

et al., 2016). Predicted climate change with altering hydrological regimes could also result in

lowering of water table levels (Erwin, 2009). As the water table lowers, the vegetation
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composition changes in response to the hydrological regime and then further drives the low
water table due to increased transpiration (Frankl & Schmeidl, 2000; Laine et al., 1995; Price
et al., 2003). This second succession can last for decades and can change the carbon and
nutrient cycling though the system (Laiho et al., 2003). Sustained low water tables can result
in Sphagnum mortality and an increase in ericaceous shrub productivity (Laiho et al., 2003;
Potvin et al., 2014). Even slight lowering of the water table can change the vegetation from
native bog vegetation to shrubs and then trees (Frankl & Schmeidl, 2000). In Finland peatlands
have been drained for forestry and have resulted in loss of wetland vegetation and the change
in vegetation from Sphagnum to forestry has resulted in mineralised nutrients being released
from the peat and leached into the ecosystem (Haapalehto et al., 2011; Laiho et al., 2003).
South East Asia has more than half of the world’s tropical peatlands (24.8 Mha) and in
Malaysia and the Islands of Sumatra and Borneo only 10 % remain in unaltered conditions with
at least 60 % being changed for alternative land use (Hooijer et al., 2012). In Southeast Asia
the drained peatlands are more susceptible to fires due to the drier canopy and increased wood
debris (Miettinen, et al., 2012). Several peatlands have been subjected to controlled burning,
such as in upland UK where fires are used for vegetation clearance to encourage red grouse
population for hunting (Brown, et al., 2013). The exposed peat can be vulnerable to wind
erosion, and overland flow and the ecosystem can be affected with reductions in
macroinvertebrate species (Brown et al., 2013). This can occur in areas that are burnt due to
wild fires and controlled fires. Controlled fires may be important to an ecosystem that would
naturally be subjected to wild fires but these have been prevented for human safety. In New

Zealand only 10 % of peatlands remain post European settlement (McGlone, 2009).

2.8.1 Peat degradation

Peat degradation occurs when the water table drops and the peat is exposed to oxygen (Labadz
et al., 2010). The exposed peat is mineralised releasing nutrients such as nitrogen and
phosphorus (Haapalehto et al., 2011) which can result in changing the tropic status of the
environment allowing alternative vegetation to creep in. The decomposing peat then subsides
and consolidates reducing pore spaces (Hooijer et al., 2012), which in turn changes the
hydraulic properties of the peat, e.g. specific yield and hydraulic conductivity. This can act in
the bogs favour by preventing excessive loss of water though seepage (Price et al., 2003).
Although downward seepage from a bog is low and decreases as the peat becomes more

humified, seepage will still occur when adjacent land has been drained (Schouwenaars, 1993).
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Peatlands store organic carbon and as the peat decomposes carbon dioxide is released into the
atmosphere (Clymo & Bryant, 2008). Therefore, preventing further peat decomposition is an

important factor in trying to mitigate increased rates of climate change.

2.8.2 Peatland restoration

Restoring a peatland hydraulic regime is the most important aspect of any restoration project t
(Chimner et al., 2017; Schouwenaars, 1993). Hydrological restoration of a peatland can be
achieved both externally and internally. Externally restoring the water table can be achieved
through drain blockage and/or buffer zones (Schouwenaars, 1993), although the original state
of the bog may be hard to achieve even after the water table is restored (Price, 1992). How long
restoration takes depends on how long the area has been altered and how degraded peat is
(Bonn et al., 2016). Drain blocking can restore water table depths although not necessarily
identical to an unmodified site and additional water may need to be added during summer when
water input is at a deficit (Holden et al., 2011). To restore these areas ditches were blocked and
trees removed, and as a result the water table level came closer to the surface and some of the
successional native bog vegetation had the chance to thrive (Haapalehto et al., 2011). In the
case of a peatland with a low water table the main focus is on restoring the water table to a
natural level to produce a more natural system. Internally restoration involves increasing the
peat water storage abilities and restrict water level fluctuation (Schouwenaars, 1993). For this
to occur native bog vegetation such as Sphagnum needs to thrive and restore the natural water
holding capacity of the peat, when the peat has been restored to 30 — 40 cm thick it can become
self-regulating and the water table fluctuations are no longer affected by the humified layer
underneath (Schouwenaars, 1993). Most restoration studies have been conducted in the
Northern Hemisphere on Sphagnum bogs that have been drained and mined, and the remaining
peat is highly humified, the main priority has been to establish a hydrological regime that

encourages Sphagnum growth and peat production.

2.9 New Zealand peatlands

New Zealand peatlands cover 0.73 % of the land surface (Clarkson et al., 2017). Post European

settlement 90 % of peatlands have been drained and converted to alternative land uses such as

agriculture (McGlone, 2009). Waikato peatlands started to form around 18,000 years ago as a

result of the ancestral Waikato River leaving saturated depressions for long enough for peat to
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form, (Waikato Regional Council, 1999), an ideal wet and warm climate conditions around
10,000 years ago increased the rate of peat formation (McCraw & Geoscience Society of New
Zealand, 2011). Over an estimated 1000 — 2000 years, as peat accumulated the bogs began to
rise above the available ground water resulting in ombrotrophic conditions, allowing restiad
species to thrive (de Lange et al., 1999). The Waikato Region contains half of all New Zealand
peat; of this an estimated 30,000 ha (25 %) of 110,000 ha is all that remains as restiad peat
bogs, with the other 75 % converted to agriculture (Pronger et al., 2014). Northern New
Zealand restiad peat bogs include Torehape, Kopuatai, Moanatuatua (Clarkson et al., 2016)
and the Whangamarino bog (Shearer, 1997) as well as bogs located in Northland. Bogs in
northern New Zealand are unique as they are in an unusual environment with warm dry
summers that create a climate that does not suggest the existence of raised peat bogs (McGlone,
2009).

2.9.1 Previous studies at Moanatuatua

Previous studies carried out at Moanatuatua have ranged from vegetation, peat properties,
groundwater modelling, and the effect of burning amongst many others. Evaporation rates from
the bog were studied by Thompson (1997) (published by Thompson et al., (1999), where
evaporation was measured using the Bowen ratio energy balance method. Grimshaw (2000)
used MODFLOW to simulate the groundwater hydrology at Moanatuatua and establish any
influence the drains have on the water table. Hydraulic conductivity, hydraulic head, rainfall
and evaporation were used in the model. Her conclusion was that climate variability had more
influence on the water table and that the border drains only impact the water table a maximum
of 20 m into the bog on either side, however current results show the drains may have more
impact further into the bog than previously suggested. Both of these studies were conducted
over relatively short time scales.

Fires occur naturally in peat bogs. E. robustum regenerates from seeds and can reach pre-fire
height in six years, S. ferrugineus recovers within 12 years (de Lange et al., 1999). The last fire
at Moanatuatua occurred in 1972 and E. robustum and S. ferrugineus have both since recovered.
After the 1972 fire 23 species of plants were growing in Moanatuatua bog, Clarkson et al.,
(1999) found that six species had become extinct, which might be due to the low water table
or competition for sunlight as vegetation cover increased. Fires that occur when the peat is dry
result in burning of the overlying peat surface, if the water table is very low too much peat will

be lost resulting in the loss of seed bank and rhizomes. Matheson (1979) suggested that fire
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may be an important part of the Moanatuatua bogs life cycle and that it prevents S. ferrugineus
from out competing all other vegetation.

Clarkson et al., (1999) investigated the peat health at Moanatuatua and found the nutrients in
the peat were increasing, namely potassium which may be due the areal drift of nutrients from

the adjacent farms.

Thompson et al., (1999) compared the evaporation rates of dense swards of S. ferrugineus
between Kopuatai and Moanatuatua and noted that that water table at Kopuatai remained near
the surface for the time of the study period whereas at Moanatuatua the water table was around
-440 mm below the surface. This affected the dry bulk density which was higher at
Moanatuatua and the volumetric peat moisture content was lower. The results showed that
evaporation rates from S. ferrugineus dominated peat bog to be an average of 2.74 mm day! at
Moanatuatua and 3.01 mm day* at Kopuatai (Thompson et al., 1999). In the earlier study by
Campbell & Williamson, 1997) the average evaporation rate was 1.54 mm day* at Kopuatai
where the vegetation is dominated by E. robustum. In a separate study of the CO? balance
during 1999 — 2000 water table measurements over the two year period had a mean of -580
mm (Campbell et al., 2014).
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Study Sites and Methodology

3.1 Study sites

3.1.1 Location

Moanatuatua and Kopuatai are located in the Waikato Region of Te Ika-a-Maui, Aotearoa/New
Zealand (Figure 3.1). Moanatuatua is located 17 km south-east of Hamilton (37°55.5'S,
175°22.2'E, altitude 65 m), is surrounded by pasture and bordered by ring drains. Kopuatai bog
is located in the Hauraki Plains (37.387°S, 175.554°E) (Figure 3.1). The climate in the Waikato
is mild with few frosts, mean temperatures of 13.0 — 14°C and moderate rainfall (annual mean
1112 — 2000 mm) (Chappell, 2014). Climate analysis shows that Moanatuatua is cooler than
Kopuatai due to its inland location; both areas have winter rainfall maximums (Chappell, 2014).
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Figure 3.1: Waikato Region with historic and current wetland extent. The location of Kopuatai
(a) and Moanatuatua (b) are indicated by the black boxes. Adapted from Manaaki Whenua,
Landcare Research, (https://www.landcareresearch.co.nz/science/plants-animals-
fungi/ecosystems/wetland-ecosystems).
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3.1.2 Moanatuatua

Moanatuatua bog is a raised peat bog that was once an estimated 75 km? in extent and now
only an area of 1.1 km? remains (Clarkson et al., 2004). Moanatuatua bog peats began to
accumulate 13,000 years ago in a depression left behind in the Waikato River’s ancient path
(Clarkson et al., 1999). The bogs formed on weathered volcanic deposits which created an
impermeable layer (Campbell, 1964). The present day bog remnant is surrounded by pasture
developed on peat 8 — 12 m deep, with drains 1 — 2 m deep along the edge on both sides
(Thompson et al., 1999). Most of the land area of Moanatuatua bog has been drained and
converted to pasture and blueberry orchards, the most recent conversion occurred during early
1960s on farmland bordering the current site observed be Schipper & McLeod (2002). The
water table sits unnaturally low with a mean of 580 mm below ground (Smith, 2003). This is
low considering the water table at Kopuatai bog has a natural maximum annual water table
depth of 30 mm during drought (Jordan P. Goodrich et al., 2017).

Deep drains on either side of Moanatuatua bog have resulted in lower water tables in the bog
adjacent to the drains compared with the interior of the bog (Clarkson et al., 1999, Grimshaw,
2000). The western drain is deeper than the eastern drain in relation to the bog surface, and
both drains border directly onto the edge of the bog. The western drain was deepened around
1999 (Clarkson et al., 1999). The eastern drain has a buffer strip between the edge of the bog
and the neighbouring farm, and the pine trees that were there have been removed and replaced

with newly planted manuka.

3.1.3 Kopuatai

Kopuatai peat dome is a raised peat bog with an area of 96 km? which is the largest undisturbed
site remaining in New Zealand (Clarkson et al., 2014). Peat development at Kopuatai bog is
was initiated in a fault-bounded palaeochannel depression approximately 11700 BP (Newnham
et al., 1995). Present day Kopuatai has a peat depth of up to 14 m in some areas (Newnham et
al., 1995). It is of national significance as it has important ecological functions and is one of
six wetlands in New Zealand that is protected under the Ramsar list of Wetlands of

International Importance (Ramsar, 2016).
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3.2 Vegetation

The main peat-forming plant found in Moanatuatua is the restiad the “jointed wire rush” E.
robustum (Goodrich et al., 2017) and the other restiad at Moanatuatua has the function of
preserving the peat is the “cane or bamboo rush” S. ferrugineus (de Lange et al., 1999). Both
are endemic to New Zealand (Wagstaff and Clarkson, 2012). E. robustum grows up to 0.7 m,
its tangled foliage provides an understory to S. ferrugineus which stands up to 2.8 m tall and
with a thick canopy (Campbell et al., 2014). Moanatuatua also contains two wetland woody
species Epacris pauciflora, & Leptospermum scoparium which grow as a result of the low
(Clarkson et al., 1999). Other species include Gleicheni dicarpa also known as tangle fern and

the sedges Baumea teretifolia and Schoenus pauciflorus (Clarkson et al., 1999).

The Empodisma genus was recently separated into three distinct species, two of which occur
in wetlands in Australia - E. gracillium and E. minus. E. minus is also found in New Zealand
and it was thought that E. minus was found throughout peat bogs in New Zealand. However,
after DNA sequencing by Wagstaff & Clarkson (2012), E. minus was separated into two
distinct species, E. minus and E. robustum (Figure 3.2) the latter which only occurs north of
38° S in New Zealand. E. robustum was named due to its robust growth stature.

Vegetation on Kopuatai bog is similar to Moanatuatua although Kopuatai is dominated by E.

robustum with a smaller percentage of S. ferrugineus (Thompson et al., 1999) (Figure 3.2).
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Figure 3.2: Empodisma robustum ground cover with Sporadanthus ferrugineus growing through
it at Moanatuatua (left) and E. robustum — dominated Kopuatai (right).

There are two species of Sporadanthus plants in New Zealand. S. traversii is only found in the
Chatham Islands and S. ferrugineus (Figure 3.3) is found in northern New Zealand. S.
ferrugineus is often found in dense stands of 200 — 300 stems with a diameter of 0.2 — 1.5 cm
and 1.85-2.3 mtall (de Lange et al., 1999). Habitat for the late successional S. ferrugineus is
in raised peat bogs in an acidic environment (pH <5) along with other restiad plants. S.
ferrugineus is endemic to New Zealand. The population at Moanatuatua is threatened by the
lowering of the water table (de Lange et al., 1999). S. ferrugineus is classified as an * at risk —
relict’ as of 2012 under the conservation status of New Zealand plants (de Lange et al., 2013).
The country has a responsibility to ensure its survival into the future, therefore knowing how

it is affected by or affects low water tables is important.

30



Chapter Three Study Sites and Methodology

Figure 3.3: Sporadanthus ferrugineus at Moanatuatua

3.3 Methodology

3.4 Water table regime

In order to determine the water table level several measurements were recorded. These included
automatic measurements of water table depth below the peat surface, and manual
measurements both of the water table level and the peat surface. The manual measurements

can then be compared with the sensor measurements as a way of data quality control.

3.4.1 Pressure Transducer

Measuring the water table at Moanatuatua was done using an existing 675 m hydrological
transect comprising of nine sites (Figure 3.4). At each site a data logging pressure transducer
(Solinst Levelogger) was installed inside a PVC dipwell (Figure 3.4). In order to record the
absolute water level (AWL) from a fixed datum at sea level, the pressure transducers were
suspended on wire cables attached to a metal rod that had been inserted through the peat and

into the underlying mineral sediment. Measurements of the water level in the dip well were
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recorded continuously and were then downloaded onto a computer during site visits. These

data were verified using manual measurement of the AWL in the dip well.

Table 3.1: Moanatuatua hydrological transect monitoring locations and Solinst Levelogger
details. Elevation is referenced to the top of the steel rod.

Type SN Site NZGD2000 Northing Easting Elevation (m)
Levelogger 2046457 M1 683904.26 452922.57 63.86
Levelogger 2046462 M2 683899.02 452941.03 64.89
Levelogger 2048248 M3 683894.27 452970.70 65.10
Levelogger 2048251 M4 683880.31 453015.08 65.30
Levelogger 2050273 M5 683857.63 453116.74 65.89
Levelogger 2050275 M6 683826.61 453232.97 64.03
Levelogger 2050553 M7 683790.79 453387.94 65.68
Levelogger 2050555 M8 683752.72 453528.75 65.20
Levelogger 2050565 M9 683732.93 453572.19 63.47

0Om 100 m 200 m

Figure 3.4: Google Earth image of part of Moanatuatua Scientific Reserve, showing the water
table monitoring transect, with Solinst level logger sites labelled 1 — 9 (circle), and EC tower
(triangle).
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3.4.2 Manual water table measurements

Water table level is referenced to two different positions (Figure 3.5). The relative water level
(RWL) is measured from the peat surface down to the water table and is affected by of the peat
surface (PSO). The RWL is the water level depth relevant to the plants and other organisms.
The absolute water level (AWL) is calculated from a fixed datum e.g. mean sea level and is not
affected by the oscillating peat surface. In order to determine the shape of the water table across
the bog, AWL is used.

Abbreviation Explanation

RWL Relative Vertical distance between
water level water table and peat
surface
Absolute Vertical distance between

water level water table elevation and
stable datum e.g. mean sea
level

Figure 3.5: Definition diagram showing the two methods for expressing the water table position.

At each site PVC dip well was installed next to the reference rod, and two metal tags were
attached to the surface of the peat using galvanised steel nails (Figure 3.7; Figure 3.6). The tops
of the reference rods were surveyed by a professional land surveyor on the 7 December 2015
and the heights were recorded (Table 3.1). Manual measurements of the AWL were taken
inside the dipwell using a “bubbler” (a PVC tube attached to a bamboo pole with a fixed tape
measure). Air was gently blown into the tube as it was inserted into the dip well. When air
could be heard bubbling at the water surface the height of the pole against the top of the PVC
dipwell was recorded (distance C) (Figure 3.7). This was done every time the pressure

transducer data were downloaded.
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y

Figure 3.6: Site M9 (4 July 2018) next to border drain on eastern side of Moanatuatua

3.4.1 Manual water levels measurements

3.4.1.1 Relative water level

Depth of the water table below the peat surface (WTD) was calculated using (Figure 3.7)
WTD =—(C-HT)

Where HT is the height of the dipwell top above the peat surface

HT=A-B
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Bench mark

A Metal rod B

Peat surface

Figure 3.7: Schematic diagram of dipwell site setup at Moanatuatua. Measurement from top of
metal rod to tag on peat surface (A), measurement from metal rod to top of PVC dipwell site
(B), measurement from top of PVC pipe to water table (C), water depth measurements from

Levelogger compensated for barometric pressure changes (D).

3.4.1.2 Absolute water level measurements

The height of the pressure transducer location above sea level was calculated using a bench
mark (BM) where the elevation above sea level was based on mean of three repetitions of
surveyed data obtained when probes were installed.

Probe height = BM — E — F, where E is the vertical distance from the top of the benchmark rod
to where the wireline is attached, F is the distance from wire attachment to the base of sensor
(Figure 3.8).
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Figure 3.8: Schematic diagram of base measurements for location of Levelogger above datum.

3.4.1 Automatic water levels measurements

Levelogger data and Barologger raw data were downloaded onto a laptop computer. Using
custom Solinst data converter software in Matlab the files were loaded into a database. All data
analysis was carried out using Matlab scripts and functions. To convert raw Levelogger values
to water depth (above the sensor) they needed to be “compensated” for barometric pressure
changes by subtracting Barologger readings (D) (Figure 3.8).

The data then had errors removed from when data downloads occurred on site and the probe
removed from the dipwell. All data from site M9 before 2 February 2016 was removed due to

the Levelogger data before this time was out of sequence and considered unreliable.

3.4.2 Peat surface measurements

Peat surface measurements were taken at each site using the metal rod described above and
metal tags placed on the peat surface and fixed into place with a galvanised steel nail. Two tags

were placed at each site and the results were averaged out. Due to changes in the vegetation at
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the sites occasionally one tag was unable to be located, when this occurred only one tag
measurement was taken. Measurements were taken from the surface tag to the metal rod
(measurement A) (Figure 3.7) using a tape measure and a level.

The Barologger was located next to the EC tower sites and data were downloaded at each site

vVisit.

3.5 Water balance

3.5.1 Eddy Covariance evaporation measurements

Flux densities of water vapour (latent heat flux, LE) were measured from 1 September 2015 to
31 August 2018 using an eddy covariance (EC) tower for both sites. The measurement site at
Moanatuatua was located 350 m from the western border and 300 m from the eastern border.
This Moanatuatua site set-up is fully described in (Ratcliffe et al, 2018). The EC measurements
were taken using a sonic anemometer (CSAT3, Campbell Scientific Inc. (CSI), Logan, UT,
USA) and an open path infra-red gas analyser (LI-7500, LI-COR Biosciences Inc., Lincoln,
NE. USA) The EC sensors were attached to a guyed triangular lattice tower at 3.75 m height
at Moanatuatua and 4.25 m height at Kopuatai (Figure 3.9).

Figure 3.9: EC tower sites. Moanatuatua (left) and Kopuatai (right).
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Data were collected at 10 Hz using dataloggers: aCR3000 data logger at Kopuatai and a
CR1000 datalogger at Moanatuatua (Campbell Scientific Inc.) including additional

environmental measurements (Table 3.2)

Table 3.2: Additional environmental data

Variable Site

Moanatuatua Kopuatai

Photosynthetic  photon | BF5, Delta-T, UK BF5, Delta-T, UK

flux density, PPFD

Net radiation (long and | NRO1, Hukseflux, | NRO1, Hukseflux,

short wave) flux density | Netherlands Netherlands

Air temperature HMP-155, Vaisala Inc., | HMP-155, Vaisala Inc.,
Helsinki, Finland Helsinki, Finland

Relative humidity HMP-155, Vaisala Inc., | HMP-155, Vaisala Inc.,
Helsinki, Finland Helsinki, Finland

Precipitation TR-525M, Texas | TB5, Hydrological
Electronics, USA, 0.2 | Services, Australia, 0.2
mm tip mm tip

3.5.2 Data analysis

Latent heat fluxes were calculated using EddyPro with filtering for high quality data including
EddyPro quality flags and eliminating data for periods of low turbulence. For more detail of
the methods used at both sites, see Ratcliffe et al. (2018).

Missing data in LE flux measurements were gap-filled using Artificial Neural Networks
(ANN). The ANN uses a network of multiple processing units and can be ‘trained’ by providing
a set of training examples with input and output values (Papale & Valentini, 2003).

LE during night and day periods were gap-filled separately using photosynthetic photon flux
density (PPFD) separated into daytime (PPFD > 50 pmol ms) and night time (PPFD < 50
umol m=2s1). Daytime and night time LE ANN models consisted of drivers including net
radiation (Rn), atmospheric vapour pressure deficit (VPD), air temperature (Tair) and an
antecedent precipitation index (API) which simulates the delay in drying of the vegetation

canopy following rainfall (Kohler & Linsley, 1951). During later analysis dry canopy data sets
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were defined using methodology from Thompson et al., (1999) with a day API threshold to

ensure that any periods with a wet canopy were excluded.

Fuzzy datasets for time were generated. The fuzzy time variables included season, morning,
evening and afternoon. “Fuzzy datasets” provide time information that can be understood by

the neural network.
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Chapter Four Water Table Regime

Water Table Regime

4.1 Introduction

This chapter examines the spatial and temporal variations of the water table at Moanatuatua to
describe the water table regime in relation to the border drains and to establish the shape of the
water table in relation to the peat surface. The study period was from 1% September 2015 — 31%
August 2018. The data sets have been divided into three complete years of data, Year 1(1%
September 2015 — 31% August 2016), Year 2 (1% September 2016 — 31% August 2017), and
Year 3 (1% September 2017 — 31% August 2018). Final water table data downloads were
undertaken on 23 August 2018, however all other environmental data were recorded and
download up until 315 August 2018.

4.2 Temperature and precipitation

Mean annual air temperature for the entire study period was 13.2°C at Moanatuatua (Table 4.1)
compared with 30 year mean of 13.8°C from a nearby weather station located at Ruakura,
Hamilton, New Zealand which is located midway between the two study sites (NIWA, 2010).
Kopuatai was on average 1.2°C warmer than Moanatuatua with a mean of 14.4°C.

Table 4.1: Mean annual mean air temperature (°C) for each study year at Moanatuatua and

Kopuatai.
Moanatuatua Kopuatai
Year 1 13.8 145
Year 2 13.2 14.2
Year 3 14.0 14.6
All years 13.2 14.4

Rainfall timings is an important influence on the water table level. Precipitation at Moanatuatua
and Kopuatai differed between the two sites (Table 4.2). Moanatuatua had a mean annual
rainfall of 1385 mm year! for the three years of study. The study period had higher than average
rainfall for Years 2 and 3 compared with the 30 year mean of 1108 mm year™ from the nearby
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weather station (NIWA, 2010), although Year 1 was closer to the long term average. Kopuatai
had a mean annual rainfall of 1516 mm year for the three study years, this resulted in a total

of 392 mm more precipitation than Moanatuatua over the entire study period.

Table 4.2: Total yearly rain (mm) for each study year at Moanatuatua and Kopuatai

Moanatuatua Kopuatai
Year 1 1156 1419
Year 2 1724 1732
Year 3 1277 1398
Mean 1385 1516

Year 1 had less total precipitation, with an overall total of 1156 mm at Moanatuatua and 1419
mm at Kopuatai. Year 2 was considerably wetter with similar rainfall totals at Moanatuatua
and Kopuatai, and during Year 3 precipitation totals dropped back again to 1277 mm at
Moanatuatua and 1398 mm at Kopuatai (Figure 4.1). The individual sites had considerable
differences inrainfall in Years 1 and 3, whereas Year 2 the rainfall total were similar, with both
sites receiving high rates of rainfall.
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