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Abstract 
 

 

 

 

As anthropogenic pressures including urbanisation and climate change continue to pressure the 

natural environment, there is a great need to focus on solutions that both increase ecosystem 

resilience and mitigate climate change. Coastal wetlands are a “powerhouse” environment that 

have the potential to achieve this and much more. Among the variety of coastal wetlands, 

saltmarsh habitats are one of the most degraded environments globally, with a mere <10% 

estimated to remain in Aotearoa New Zealand. Many saltmarshes have been lost  due to factors 

such as,  conversion to pasture, and/or environmental degradation. As part of the conversation 

around saltmarsh restoration, nature-based solutions are a tool that is being increasingly 

considered when it comes to climate change mitigation and adaptation,  due to the large 

potential saltmarshes possess to sequester CO2 alongside adapting to sea level rise such as by 

providing a space for flood water and for vegetation to slow down storm surges, alongside other 

environmental and societal benefits. 

This study investigates the blue carbon dynamics in restored and control saltmarsh habitats in 

the Bay of Plenty Aotearoa New Zealand, focusing on bulk density, concentration of carbon 

(%), Total Organic Carbon (TOC), Sediment Accumulation Rates (SAR), and Carbon 

Accumulation Rates (CAR). We focus on changes in blue carbon with time since saltmarsh 

restoration. Bulk density analysis revealed minimal variability among sites, with Matua Saltmarsh 

exhibiting the largest standard error (0.765 ± 0.057g cm3) and Wainui River Saltmarsh the lowest 

mean bulk density (0.633 ± 0.032g cm3). Carbon concentration was generally highly variable across 

sites, with Matua Saltmarsh exhibiting the highest mean concentration (5.83 ± 1.151%) and Wainui 

Repo Whenua the lowest (2.91 ± 0.26%). Total organic carbon stock decreased with depth across 

sites, with Matua Saltmarsh having the highest total organic carbon stock (1.21 ± 0.005g cm3 or 
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121.42 ± 0.534t ha-1) and Te Awa o Ngātoroirangi the lowest (0.69 ± 0.004g cm3 or 68.66 ± 0.401t 

ha-1). Carbon accumulation rates generally increased with restoration age, with Wainui River 

Saltmarsh exhibiting the highest sediment accumulation rate (11.57mm yr-1) and Matua Saltmarsh 

the highest carbon accumulation rate (161.87g m-2 yr-1 over the last 20 years). While no distinct 

trends in blue carbon stocks and concentration emerged between the restored and control 

environments, it is notable that restored saltmarshes consistently exhibited substantial carbon 

stocks compared to controls and global standards. Moreover, there were higher mean TOC 

figures within the first ~30 years post-restoration. These results align with expectations from 

previous studies, emphasizing the efficacy of saltmarsh restoration efforts in enhancing future 

carbon storage potential in Aotearoa.  

These findings underscore the need for comprehensive investigations into the roles of 

vegetation, sedimentation rates, microbial processes, alongside catchment hydrological 

conditions history. This thesis also highlights that long-term monitoring beyond the initial 20- 

30 years post-restoration is crucial to comprehensively understand the trajectory of blue carbon 

dynamics. In addition, comparative studies accounting for diverse restoration techniques and 

assessments of broader ecosystem services delivered by saltmarsh restoration are essential. 

Addressing these factors will deepen our understanding of the specific mechanisms influencing 

blue carbon dynamics in Aotearoa's restored saltmarshes. 
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Chapter 1 

Introduction 
 

1.1 Problem Statement – Climate Change and Management Strategies 

 
Environmental management has traditionally been convened by command-and-control (hard) 

hard engineering and predict-and-provide (soft) management techniques. Hard engineering 

techniques are human-centred solutions that focus on solving environmental issues with 

convenience, cost, and competence as the guiding values, and often involve significant capital 

investments and unforeseeable legacy costs (Gregory et al., 2011). On the other hand, soft 

management techniques also known as nature-based solutions (NBS) or green management 

solutions, prioritize actions that work synergistically with the natural environment, resulting in 

as little disruption as possible, with core principles prioritising the inherent natural functions 

and ecosystem services present within an environment. These solutions are often economically 

feasible, significantly more integrative in approach, and consider social sustainability (Fenemor 

et al., 2011). Conventional management techniques using hard engineering are testimony to 

the disconnected relationship present between humans and the environment, the lack of 

understanding and appreciation for intricate ecological interdependencies and services, leading 

to significant losses in biodiversity and ecosystem stability, making NBS a promising 

management to mitigate and adapt to climate change (Eggermont, 2015). 

NBS can be utilised to reduce carbon emissions by implementing management techniques that 

incorporate ecosystems services such as carbon burial, referring to the process of storing carbon 

in long-term sinks. Reforestation, wetland restoration, and sediment management are examples 

of NBS that enhance carbon burial and reduce carbon emissions. The most common carbon 

burial NBS is agroforestry reforestation through the planting of monocultures such as pines 
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(Pinus spp.) which increases carbon sequestration through photosynthesis and stores carbon in 

the biomass and sediment. 

The European Environment Agency conducted a summary of carbon stocks across terrestrial 

and marine environments and found that forest ecosystems had a range of 30-110t ha-1 (tonnes 

of carbon per hectare), with the median value being 74t ha-1. Wetland sediments were found to 

have much higher carbon stocks with reed marshes storing 150-330t ha-1, and saltmarshes 200- 

400t ha-1 (Hendriks et al. 2020). This highlights the potential of NBS’s including restored 

wetlands for climate change mitigation through the improvement of ecosystems that are known 

to be major hot spots for carbon sequestration and storage. This thesis aims to fill knowledge 

gaps regarding the role of restored saltmarsh environments in Aotearoa New Zealand 

(Aotearoa) as significant reservoirs of carbon stocks since restoration. 

 

Ecological restoration focused on vegetation offers numerous benefits in terms of carbon 

storage, making it a powerful tool in the fight against climate change. Trees and plants in these 

restored habitats absorb carbon dioxide during photosynthesis, converting it into biomass, 

which is stored within their roots, trunks, and leaves. Consequently, carbon is sequestered from 

the atmosphere, helping to reduce greenhouse gas (GHG) concentrations. Moreover, 

restoration efforts often focus on improving sediment health and organic matter content, further 

increasing carbon storage potential. By protecting existing carbon-rich areas, like old-growth 

forests and peatlands from further degradation, ecological restoration ensures the preservation 

of vast carbon reservoirs. Additionally, restored ecosystems tend to be more biodiverse and 

resilient, allowing them to maintain their carbon storage capacities over the long term. Overall, 

ecological restoration plays a critical role in mitigating climate change by sequestering carbon, 

promoting sustainable land management, and safeguarding valuable carbon-rich habitats 

(Simonson, 2021) . 
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The Anthropocene is an epoch characterised by significant increases in human activity. 

Anthropogenic activities, such as burning fossil fuels and land use changes, have significantly 

increased atmospheric GHG concentrations, particularly carbon dioxide (CO2). Atmospheric 

CO2 concentrations have risen from around 280 parts per million (ppm) before the Industrial 

Revolution (around 1784) to over 419 ppm (National Aeronautics and Space Administration, 

(NASA), 2023). The increase in atmospheric CO2 concentrations has contributed to a range of 

climate changes, including rising global temperatures and more frequent and severe extreme 

weather events. 

 

As climate change becomes an undeniable reality for all of humanity, urgent action is needed 

to reduce carbon emissions and transition to a low-carbon economy to mitigate its impacts. The 

significance of ecological restoration in addressing climate change is increasingly evident, with 

restoration projects playing a crucial role in enhancing ecosystem resilience, sequestering 

carbon, and fostering biodiversity (Duarte et al., 2020). Traditional environmental management 

involves assessing environmental impacts and determining if solutions are needed to avoid, 

mitigate, remedy, or offset pressures on the system. However, these standards often do not fully 

capture the complexities of ecosystems and their various services. Thus, there is a need for 

standards that champion ecological services and environmental success as a core outcome 

while still achieving cultural, social, and economic prosperity in the long term. Coastal 

wetlands have been identified as an important habitat for restoration including due to their role 

in sequestering carbon, although coastal wetlands are heavily degraded, lost, and impacted by 

anthropogenic affects worldwide. 
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1.2 Coastal Wetlands 

 
Coastal wetlands are those wetlands located in coastal zones where land meets the sea and are 

influenced by the ebb and flow of tides. Coastal wetlands can be classified into several types, 

including saltmarshes, mangrove forests, and seagrass meadows. Coastal wetland ecosystems 

provide a range of ecological functions and services, including protecting shorelines from 

erosion, filtering pollutants and nutrients, provide unique habitat for a diverse array of species, 

and play a crucial role in mitigating the impacts of climate change as an important carbon sink 

(Gerbeaux & Hume, 2022). Despite their importance, coastal wetlands are under threat from 

human activities such as coastal development, land reclamation, pollution, and climate change 

(Barbier, 2019). 

This thesis focuses largely on saltmarshes, which are intertidal habitats characterized by the 

presence of halophytic (salt-tolerant) plants and that are heavily influenced by regular tidal 

inundation. They play a vital role in coastal protection, acting as a buffer against storm surges 

and wave energy, while also providing important habitats for a diverse range of plant and 

animal species, including migratory birds and fish (Barbier, 2019; Ramsar Convention, 2010). 

Coastal saltmarshes are typically vegetated by grasses, sedges, and other halophytic plants that 

are adapted to thrive in saline conditions (Johnson & Gerbeaux, 2004; Johnson & Brooke, 

1989). Species such as oioi /jointed wire rush (Apodasmia similis), sea rush (Juncus kraussii 

var australiensis), wīwī /knobby clubrush (Ficinia nodosa), harakeke/flax (Phormium tenax), 

mākaka/ saltmarsh ribbonwood (Plagianthus divaricatus) are some of the plants commonly 

found in Aotearoa’s saltmarshes (Haacks & Thannheiser, 2003). 

Saltmarshes and the wider coastal wetland environment have been proven to possess huge 

economic value in terms of ecological services provided. For example, de Groot et al. (2012) 

reviewed 320 academic publications investigating the value of our 10 major global biomes in 

terms of ecosystem services (Figure 1.1). A few of the services that were investigated included, 
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climate regulation, waste treatment, nutrient cycling, food, recreation and nursery services, 

overall, for regulating services coastal wetland environments possess the highest monetary 

value at USD$171,515 per hectare per year, while temperate forests were only valued at 

USD$2529 per hectare per year (based off 2007 price levels). 

 

Figure 1.1: Modified from Groot et al. (2012). Range and average of 

total monetary value of bundle of ecosystem services per biome (in 

Int. $/ha/yr 2007/PPP-corrected). The total number of values per 

biome is given between brackets; the average of the value-range. 

 

1.3 Coastal Wetland Loss and Potential for Restoration 

 
Wetland ecosystems have experienced significant declines in extent and health globally, 

primarily driven by the conversion of land to grasslands for agricultural purposes. In the case 

of saltmarshes, there is a lack of a comprehensive and accurate global inventory documenting 

the extent and distribution, making it challenging to estimate their specific decline on a 

worldwide or national scale (Adam, 2002). However, some global estimates include an overall 

predicted 50% loss of saltmarshes across globally with other regions experiencing higher loss 

rates including 65% loss of Atlantic tidal/saltmarshes in Canada, a 75% loss of coastal wetlands 

in the Swan plain and Coastal New South Wales in Australia, and in Aotearoa an estimated 

>90% loss (Aber et al., 2012; Barbier et al., 2011; Doney et al., 2012; Mitsch & Gosselink, 

2007). Coastal saltmarshes are one of the most impacted environments in Aotearoa, including 
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due to our farming history and that approximately 65% of the population and their associated 

major infrastructure is located within 5 km of the coast (Reisinger et al., 2015). 

The <10% of wetlands that remain are often highly degraded. It is evident that there is huge 

potential to restore coastal wetlands which typically involves a combination of ecological and 

hydrological restoration techniques. The specific methods employed can vary depending on the 

characteristics of the wetland and the goals of the restoration project, where common 

restoration practices may include. 

I. Tidal reconnection by restoring tidal flow to the wetland by removing or modifying 

barriers such as dikes, culverts, or tide gates. Tidal reconnection aims to restore historic 

hydrology and helps to reintroduce nutrient-rich water, sediments, and marine 

organisms into the wetland, promoting its ecological functions (Zedler & Kercher, 

2005). 

II. Vegetation planting —replanting native vegetation is often a critical component of 

wetland restoration. Native species can help stabilize the sediment, enhance habitat for 

wildlife, and contribute to the overall functioning of the wetland ecosystem. Planting 

can be done using direct seeding, transplants, or a combination of both (Zedler & 

Callaway, 2002). 

III. Sediment addition has been found successful in some cases to restore wetland structure 

by adding sediment to degraded or subsided saltmarsh areas to help raise the elevation 

to appropriate levels relative to the tide, and support plant growth. Sediment can be 

obtained from offshore or upland sources and placed strategically to achieve the desired 

elevation and hydrological conditions (Morris et al., 2002). 

IV. Control of invasive species can be a key tool in wetland restoration. Invasive plant 

species can disrupt the natural composition and functioning of saltmarsh ecosystems, 

removal or control of invasive species through manual methods, herbicides, or 
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biological control can be necessary to promote the establishment and growth of native 

vegetation (Billah et al., 2022). 

In addition to the above, two major factors following restoration that affect the ongoing health 

of a restored saltmarsh are ongoing disturbances and coastal squeeze. The reality with 

ecological restoration in heavily disturbed environments is that historic states may never be 

perfectly recreated. However, restoring a fraction of the critical ecosystem services these 

environments possess is key to mitigating and managing climate change. 

1.4 Blue Carbon and Coastal Saltmarshes 

 
Coastal ecosystems such as mangroves, seagrass beds, and saltmarshes have the ability to 

capture and store significant amounts of CO2 from the atmosphere through photosynthesis and 

subsequent sedimentation. Carbon that is stored in these coastal and marine ecosystems is 

referred to as “blue carbon”. Since then, the term has gained widespread use in scientific 

literature, conservation efforts, and policy discussions surrounding coastal ecosystem 

management and climate change mitigation. 

There are two ways in which carbon can enter a coastal wetland environment. Allochthonous 

carbon comes from various external sources such as terrestrial vegetation, leaf litter, woody 

debris, or dissolved organic matter transported by rivers, streams, or groundwater. This carbon 

input can be derived from adjacent forests, wetlands, or other land areas surrounding the aquatic 

ecosystem autochthonous carbon is produced within a specific ecosystem or habitat through 

primary production, primarily by autotrophic organisms such as plants, algae, and other 

photosynthetic organisms (Saintilan et al., 2013). It is the carbon that originates within the 

ecosystem itself, typically through the process of photosynthesis. The balance between 

autochthonous and allochthonous carbon inputs is essential in understanding blue carbon 

dynamics and functioning of coastal wetland ecosystems. Autochthonous carbon represents the 
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internal carbon cycling and productivity of the ecosystem, while allochthonous carbon provides 

external inputs that can influence the ecosystem's structure and functioning (Howard et al., 

2014). 

Saltmarshes are more heavily influenced by allochthonous sources because organic carbon 

derived from local sources is likely to be fresher and more easily decomposed compared to 

material from other locations (Saintilan et al., 2013; Van de Broek et al., 2018). In estuaries, 

the majority of non-local organic carbon is expected to come from land, which is often either 

resistant to decomposition or partially already broken down. It is believed that there is typically 

an 80:20 ratio allochthonous to autochthonous carbon in deeper sediment layers (> 1m), while 

there is a 50:50 ratio near the surface (Williamson & Gattuso, 2022). 

Carbon is distributed within different parts of an estuarine ecosystem through various processes 

and compartments. In the water column, carbon exists in the form of dissolved inorganic carbon 

(DIC) and dissolved organic carbon (DOC). DIC primarily originates from atmospheric carbon 

dioxide dissolution, while DOC consists of organic compounds derived from terrestrial 

sources, phytoplankton exudates, and microbial activity. Particulate organic carbon (POC) is 

another pool found in the water column, composed of suspended particles, such as detritus and 

plankton. Carbon can also be located within the sediment, where it is stored as organic matter. 

This organic carbon can be derived from autochthonous sources (e.g., primary production 

within the estuary) or allochthonous sources (e.g., terrestrial plant material entering the estuary 

through rivers). Sediments also serve as an important burial site for carbon, with some fraction 

becoming sequestered for long periods. Additionally, estuarine vegetation plays a crucial role 

in carbon storage. These plants photosynthesize, taking up carbon dioxide from the atmosphere 

and incorporating it into their tissues. As a result, estuarine ecosystems are dynamic carbon 

reservoirs, with carbon being located in different compartments, including the water column, 
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sediments, and vegetation, influencing the overall carbon cycling and storage within these vital 

transitional zones. 

In a recent case study by Bulmer et al. (2020), organic carbon stocks across coastal wetland 

habitats in Tairua estuary were investigated. The study found that saltmarshes contained 90 t 

of carbon ha-1, mangroves 46t ha-1 , seagrass 27t ha-1, and unvegetated habitats contained 26t 

ha-1. Saltmarshes hold an exciting potential for carbon storage compared to other habitats, the 

results in Bulmer et al. (2020) are also comparable to many other studies that similarly found 

that saltmarshes organic carbon stocks are some of the highest across coastal habitats. The 

findings in Bulmer et al. (2020) are similar to Burden et al. (2013; 2019) who found that carbon 

stocks in natural saltmarshes were as high as 93t ha- 1. Natural Research England (2021) 

undertook a review of carbon storage and sequestration by habitat, surmising and comparing 

research to date. They found that vegetated undisturbed saltmarshes stored between 40–60t ha- 

1 in Juncus gerardii and J. maritimus plant communities, while sediment organic carbon stocks 

were between 29t ha-1 in sandy sediment, and 43t ha-1 in non-sandy sediments to 10cm depth. 

Saltmarshes possess lower carbon turnover rates or rather efficient carbon sequestration rates 

compared to terrestrial habitats, meaning these environments lock in carbon for longer in 

comparison (de Groot et al., 2012). This is due to the high levels of productivity within these 

systems caused by the interactions of flora and fauna which influence rates of photosynthesis 

and biomass production. The interactions between bioturbators, complex root systems and 

anoxic sediment layers stabilize organic matter, preventing it from decomposing and releasing 

carbon into the atmosphere (Tobias & Neubauer, 2019). Carbon found within these 

waterlogged anoxic layers decomposes at a much slower rate due to the lack of oxygen, and 

thus is released back into the atmosphere at a much slower rate, often remaining in these 

sediment layers for centuries. Studies have credited saltmarshes for their natural ability to store 

carbon with estimates that suggest carbon accumulation in coastal wetlands is 30-50 times 
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higher per unit area compared to forest ecosystems (Bridgham et al., 2006; Mcleod, 2011; 

Ouyang, 2013). 

Restored saltmarsh habitats vary significantly in terms of carbon dynamics compared to stable 

natural saltmarsh environments, which tend to remain steady in both their rate of carbon 

sequestration and carbon stocks. Restored saltmarsh environments generally take longer to 

accumulate carbon compared to undisturbed environments due to the time it takes for initial 

colonization and establishment of natural flora and fauna and their associated ecosystem 

services. Restored saltmarsh habitats may have higher carbon stocks compared to natural 

saltmarshes. This is primarily due to the history of the restored environment and its relative 

surroundings. For example, the habitat may have previously been grazed agricultural land with 

high nutrient inputs, or the restored wetland could be surrounded by primarily urban-zoned 

land with high levels of nutrient-rich runoff (Rogers et al., 2018). 

Burden et al. (2013) found that saltmarsh habitats between 0-20 years post restoration displayed 

elevated rates of carbon stocks, however, this was highly dependent on the surrounding 

environments and their carbon input. The carbon stocks across the restored saltmarshes in 

question were between 68-75t ha- 1 with habitats between 16-20 years of restoration possessing 

the largest carbon stock, while natural saltmarshes had carbon stocks between 41-93t ha- 1. 

Burden et al. (2019) theorise that restored saltmarshes require approximately 100 years of 

recovery to function equivalently to a natural undisturbed saltmarsh. Future blue carbon 

research and implementation needs to consider the effectiveness and potential limitations of 

blue carbon in restored environments particularly in terms of the variabilities present in carbon 

burial rates across habitats and geographical location and the overall errors in determining these 

rates. The lateral transport of carbon across habitats and in catchments, the dissolution and 

formation of carbonates, the level of vulnerability imposed by future climate change and 

non-climatic factors, and the overall cost-effectiveness and 
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scalability in terms of the overall benefits these environments may possess in mitigating climate 

change (Williamson & Gattuso, 2022). 

1.5 Cultural Significance 

 
The tangata whenua (people of the land) of Aotearoa have beliefs that are deeply rooted in 

kaitiakitanga which can be translated to stewardship or guardianship. It is important to 

understand that for Māori the land, the sky, the water, the spiritual realm, and living people are 

interwoven through whakapapa (genealogy) to live a life that is harmonious with the natural 

world and its rhythms (Hayes, 1998). 

Wetlands hold profound significance within Māori culture, serving as cherished sites of 

heritage and connection. These landscapes, often encompassing areas like Kūkūwai 

Whakapoukōrero, are vital repositories of cultural knowledge and practices. Beyond their 

spiritual and historical importance, wetlands are also source of practical resources for tangata 

whenua such as kai moana (sea food) and kai awa (freshwater food), as well as materials for 

traditional weaving practices. Wetlands also play a crucial role in mātauranga (knowledge, 

wisdom, understanding, skill), allowing for the sharing and continuation of knowledge through 

hands-on engagement. Additionally, wetlands are spaces where the practice of rongoā 

(traditional Māori herbal medicine) thrives, showcasing the intersection of ecological 

understanding and cultural wisdom. In this intricate web of heritage and utility, wetlands stand 

as testament to the interdependence of Māori people and the environment, nurturing traditions, 

sustenance, and holistic well-being (Cultural Impacts Assessment; Kaituna River Re- 

Diversion, 2014). 
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1.6 Research Significance and Study Objectives 

 
Blue carbon research is gaining momentum worldwide as scientists, practitioners, and 

policymakers strive to harness the potential of this NBS in combating climate change. 

However, in Aotearoa there is much to be done to develop a nationally focused understanding 

of the blue carbon already stored in our coastal environments, and the potential to grow blue 

carbon sequestration. To help understand this, this thesis focuses on assessing blue carbon 

stocks in restored saltmarsh wetlands at various time-frames post-restoration. We also consider 

how the blue carbon stocks in these restored systems compare to saltmarsh wetlands in a 

“natural” state. 

The findings from this research can provide valuable insights on the role of restored saltmarsh 

in blue carbon stocks and help understand how long it takes for their functionality to be 

restored. It emphasizes the importance of comprehending the functionality of restored 

saltmarshes, as they not only offer significant cultural services but also contribute to the 

regeneration of essential environmental services. Understanding opportunities for growth of 

carbon sequestration in Aotearoa is pivotal in making progress towards achieving our goals for 

net-zero greenhouse house emissions by 2050 (New Zealand Parliament, 2019). 

1.7 Study Sites 

 
Aotearoa is thought to have one of the highest rates and extents of wetland loss compared to 

global trends (Mitsch & Gosselink, 2000), where approximately 1% of palustrine wetlands 

remain today, 249,484 ha for freshwater wetlands and 292 ha for inland saline wetlands 

(Ausseil et al., 2008). Ninety percent of Aotearoa’s wetlands have been lost in the last 150 

years due to drainage and conversion to agricultural land (Denyer & Peters, 2020). In the Bay 

of Planty (BOP), the Kaituna, Waihī and Rangitaiki plains previously consisted of 40,000 ha 

of wetlands; today less than 1% of this area remains intact. The BOP possesses a range of 
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restored coastal wetlands at various stages, particularly at Maketū, where native revegetation 

planting began in 1991 and has been a common practice in restoration efforts since. 

The project design, methods and sampling regime were co-developed with Te Rūnanga o Ngāti 

Whakaue ki Maketū with Rewi Boy Corbett and the Bay of Plenty Regional Council (BOPRC). 

This included Rewi sharing his mātauranga into the process for selecting our study sites in 

Maketū. Our primary requirement was to select saltmarsh wetlands that were at different stages 

of restoration. Overall, six saltmarsh wetland habitats were selected, three within the wider 

Tauranga region and three within Maketū (Figure 1.2). The three sites in Maketū were in Te 

Awa o Ngātoroirangi (37˚45’55”S, 176˚26’37”E), Kūkūwai (which translates to wetland) 

Whakapoukōrero (37˚45’58”S, 176˚26’47”E) (Figure 1.3), and Te Pā Ika Wetland (37˚45’05”S, 

176˚ 25”E) (Figure 1.4). Te Awa o Ngātoroirangi (MK1) is a relatively undisturbed but 

fragmented saltmarsh environment that displays clear patterns in saltmarsh zonation and is 

being treated as a control environment in this work. Te Pā Ika Wetland (MK2) has been subject 

to heavy anthropogenic pressures (Section 2.1.1) and has been restored within the last 5 years 

from pasture to reclaimed saltmarsh, Kūkūwai Whakapoukōrero (MK3) has been undergoing 

restoration since the mid 2000’s, from pasture to a mixture of brackish and freshwater wetland. 

BOPRC was a key stakeholder in this project, through their support and funding three 

additional sites to Maketū were able to be sampled. Upon consultation with BOPRC, Wainui 

River Saltmarsh (37˚38’06”S, 175˚57’35”E), Wainui Repo Whenua Saltmarsh (37˚37’56”S, 

175˚57’43”E) (Figure 1.5), and Matua saltmarsh (37˚40’17”S, 176˚07’50”E) (Figure 1.6) were 

selected. Wainui River Saltmarsh (Sargent Drive (SD) - SD4) has had no known changes to 

land use, Wainui Repo Whenua Saltmarsh (Sargent Drive (SD) - SD5) has recently (2021) been 

subject to a large saltmarsh reclamation project and was previously grazed pasture, Matua 

Saltmarsh (MS6) has been moderately affected by a rise of urbanisation in the surrounding area 



14  

and in the last 20 years there have been subject to various planting projects aiming to increase 

the functionality and health of the saltmarsh. 



Figure 1.2: Landscape scale map displaying all six selected study sites across Tauranga. 
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Figure 1.3: Map displaying Te Awa o Ngātoroirangi and Kūkūwai Whakapoukōrero. 
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Figure 1.4: Map displaying Te Pā Ika Wetland, also visible is the Kaituna flood gate. 
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Figure 1.5: Map displaying Wainui River Saltmarsh and Wainui Repo Whenua Saltmarsh. 
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Figure 1.6: Map displaying Matua Saltmarsh. 



20  

Chapter 2 

Materials and Methods 
 

2.1 Site Selection 

 
Site selection within Maketū was undertaken in collaboration with Te Rūnanga o Ngāti 

Whakaue. Tangata whenua have been key contributors in the restoration of Maketū wetlands. 

Rewi Boy Corbett played an essential role with his intergenerational knowledge, wisdom, and 

deep understanding of how the whenua has been physically transformed over the years. To 

better understand the whenua, we conducted a reconnaissance hikoi (walk) with Rewi Boy, he 

shared knowledge and expertise on how Maketū has transformed over his and his father’s 

lifetime to help frame this research and the sampling. 

2.1.1 Te Awa o Ngātoroirangi (Maketū Estuary) and the Kaituna River Diversion 

The Maketū Estuary once teemed with abundant kai moana (seafood) and kai awa (river food), 

sustaining tangata whenua and their families for ages. This encompassed a diverse array of 

marine and freshwater species like kūtai, pāua, koterotero, tuangi, eels, kina, and fish such as 

snapper, hāpuku, and kahawai. Sharing and preparing kai moana fosters community bonds and 

passes cultural wisdom through generations. People journeyed to Maketū due to its rich kai 

(food) specifically kai moana (seafood) abundance, attributed to the environment's quality and 

shared tikanga (traditions and customs). 

At Maketū Estuary's northern coast, the Kaituna River starts, once the "umbilical cord" 

connecting tribes. However, disruption began in 1926 when dairy, sheep, and fruit farmers 

pushed for Kaituna River diversion, seeking flood protection for 7,690 ha of low-lying land. 

Decision-making excluded Ngāti Whakaue, who opposed the 'Kaituna Cut'. In 1956, the river 

redirected towards Tauranga Harbour, altering this natural union. The diversion profoundly 

impacted the ecosystem and local well-being, especially Maketū's tangata whenua, with 
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reduced food and waters facing eutrophication (Cultural Impacts Assessment; Kaituna River 

Re-Diversion, 2014). 

This hydrological shift led to a loss of 160 ha of saltmarsh and estuarine benthic decline. In 

response, the Maketū Action Group formed in 1979. Their 1984 Parliamentary Petition led to 

Cabinet Paper approval and Restoration Strategy for Maketū and Te Arawa. Governance 

challenges hindered the project, only restoring 4% of river flow. Numerical modelling in 2001 

and 2012 plans aimed to restore Kaituna River-Maketū estuary hydrology, including flood 

gates, salinity blocks, widened channels, and coastal wetland restoration. Re-diversion gate 

construction began in 2018, reopening in February 2020, restoring 20% of flows (Bay of Plenty 

Regional Council Toi Moana, 2023). The Kaituna River re-diversion underscores large-scale 

waterway alteration consequences, emphasizing ecological, cultural, and social factors in 

environmental decisions. 

2.2 Sampling Design 

 
In collaboration with BOPRC sampling was conducted in SD4, SD5, and MS6 from the 23rd 

of August until the 26th of August 2022. Field work was conducted across all three of the sites 

in Maketū occurred between the 7th of September until the 9th of September 2022, each day 

of field work in Maketū was initiated with a karakia (prayer) and a personal account of the 

selected site from Rewi Boy Corbett. In recognition of the profound connection between 

culture, tradition, and the natural surroundings of Maketū, the utmost importance was placed 

on acknowledging the land, people, and ancestors before commencing any field work, as an 

embodiment of kaitiakitanga. 

2.2.1 Sediment Sampling 

 
Sediment sampling was conducted within 3 to 4 hours either side of low tide, stratified 

sampling methods were used to select two sites at each of our six chosen saltmarshes, across 
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all sites a lower (L) saltmarsh and mid (M) saltmarsh location was chosen to take a single 

sediment core sample (12 cores total). To maximise our chances of achieving a comprehensive 

representation of each environment, sampling in the saltmarsh zones in which carbon is known 

to best be sequestered was imperative due to our limited number of samples at each site (Elsey- 

Quirk, et al., 2011). The lower and mid saltmarsh zones were determined by examining 

physical features within the wetland such as proximity to a water channel and vegetation 

composition (King et al., 1990; Haacks & Thannheiser, 2003; Johnson & Brooke, 1989), 

samples sites were also dependent on having enough proximate space to later lay the 20m x 

50m vegetation transect. Traditionally, vegetation strata form perpendicular to the dominant 

water channel, however, when identifying the lower and mid saltmarsh zones at each site a 

standardised method could not be applied across all sites. Due to our more recently restored 

saltmarshes displayed homogenous landscape characteristics that lacked zonation at present 

(MK2, MK3, SD4), determining sample location was established using best judgement of 

where we imagined zonation will occur in future. A Garmin GPSMAP 65s Multiband GNSS 

Outdoor Handheld GPS was used to input and store the location of each sample, three 

recordings were taken at a single site to ensure accuracy. 

To collect sediment, a 3.8cm diameter steel piston corer was use with the aim of reaching a 

depth of 100cm. However, it is uncommon to reach 100cm depth when coring in coastal 

wetlands, thus three cores were taken at each sample site and the best core was chosen based 

on length and compaction of sediment. Sediment cores that were not selected were placed 

directly back into the earth from where they were extracted, this was a method that practiced 

kaitiakitanga and was suggested by Rewi Boy Corbett. The piston corer required two people 

to apply weight downwards once the corer felt as if it reached its maximum depth. The corer 

was removed at an approximate 45˚ angle, once the end of the corer was visible it was covered 

by hand to prevent sample loss, once aboveground the sediment core sample was transferred 
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into a half-cut PVC pipe and then wrapped with food grade plastic cling wrap and labelled 

appropriately (Howard et al., 2014) (Bouma, 1978). 

The location of sampling and the sediment cores were photographed to aid in data analysis; 

photographic records of the sediment core samples are useful to visually represent differences 

in sediment layers. This can provide information on oxic (lighter oxygen rich sediment) and 

anoxic (darker oxygen depleted sediment) layers along the depth gradient and could later 

provide further information around carbon pooling in relation to depth. 

Sediment cores were divided into depth fragments on the same day of collection, this was done 

both in the field and in the laboratory. We adopted more recent methods in core division by 

depth, instead of dividing the top 10cm by 1cm fragments we chose to separate the top 10cm 

by 2cm fragments, providing more sample for analyses later (Bulmer et al., 2020). After the 

top 10cm the sediment core was cut every 4cm then 1cm until the end of the sediment core 

where the final 2cm of the core were divided into 1cm fragments (Figure 2.1). Cores were 

carefully cut into depth sections and the instrument was cleaned between each section to ensure 

cross contamination did not occur (IUCN, 2019). 

 

Figure 2.1: Protocol followed when segmenting each sediment core into subsamples, the number of subsamples 

varies depending on the size of the core taken but the same methods were applied when segmenting each core into 

subsamples. 
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Figure 2.3: Map displaying the exact location of where core sampling and vegetation surveys occurred at Te Awa o Ngātoroirangi and 
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Figure 2.4: Map displaying the exact location of where core sampling and vegetation surveys occurred at Te Pā Ika Wetland. 
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Repo Whenua Saltmarsh.  

 

 
Figure 2.5: Map displaying the exact location of where core sampling and vegetation surveys occurred at Wainui River Saltmarsh and Wainui 
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Figure 2.6: Map displaying the exact location of where core sampling and vegetation surveys occurred at Matua Saltmarsh. 
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2.3 Laboratory Methods 

 
2.3.1 Bulk Density 

 
All sediment samples were frozen and stored until sediment processing could occur, the total 

wet weight of each core depth fragment was weighed and recorded, following this the sediment 

samples were transferred into individually labelled tin confoil cups (70mm x 20mm) to be 

dried at 60˚C for 7 days until a constant weight was reached (Figure 2.8). Dry core fragment 

samples were then reweighed and placed into individual labelled 70ml canister pottles for 

storage. 
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Bulk density which is an indicator of sediment compaction (Nyle, 2008) can then be calculated 

with the following formulae: 

 
1. ) 𝑊𝐹𝑑𝑟𝑦 = 

𝑊𝑆𝑑𝑟𝑦 × 𝑊𝐹𝑤𝑒𝑡 
2. ) 𝐵𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 

𝑊𝑆𝑤𝑒𝑡 

𝑊𝐹𝑑𝑟𝑦 
 

 

𝑉𝐹 

Where WSdry is the dry weight of the subsample (g), WFwet is the wet weight of the core fraction 

(g), WSwet is the wet weight of the subsample (g), and VF is the volume of the fraction (cm3). 

Approximately 2g of all the dried sediment and root/plant sample was then pulverised in a 

RETSCH MM 400 Mixer Mill at 27.5 Hz for 1:20 min to homogenise the sample and reduce 

grain size, sample was placed back into a labelled 70ml canister pottle for storage. 

2.3.2 Carbon Concentration 

 
Acidification 

 

All sediment subsamples were acidified to remove sources of carbonate (decalcification) 

through matter such as shell hash. Prior to elemental analysis each pulverised sediment 

subsample was weighed out to 40mg (± 0.5 mg) and placed into a 10mm x 10mm tin capsules, 

acidification methods followed Verardo et al. (1990). Subsamples were initially treated with 

50µL ~6 % sulphurous acid (H2SO3) and 50µL deionised water and then transferred to a 60˚C 
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hotplate, once dry subsamples were incrementally treated with 50µL sulphurous acid and then 

dried between treatments. Treatment occurred until effervescence ceased or until a total of 

200µL of acid had been added to the subsample. 

Subsamples were carefully examined to ensure no sample had been lost during acidification 

treatments, if the tin cup the subsample was in appeared to have been corroded by the treatments 

or there was any sign of sample loss then the subsample would need to be completely redone. The 

tin cups all became brittle after treatment and so all subsamples were placed into a second tin 

cup before being pinched and rolled for storage and later analysis. 

Organic Carbon Content 

 

Acidified 40mg (± 0.5mg) subsamples were analysed on an Elementar Vario El Cube CN 

analyser for carbon and nitrogen content. The elemental analyser would undergo multiple blank 

and known acetanilide 10mg (± 10% tolerance) tests to initially test calibration and standards 

before analysis of subsamples could commence. Once standards were stable and within a 10% 

tolerance of 10.360% Nitrogen and 71.090% Carbon analysis could begin, with acetanilide 

tests being run every 20 subsamples. Subsamples weighing 40mg (± 0.5mg) and were run on 

the method of 35mg over 120 seconds of oxygen dosing, these parameters were established by 

running multiple tests of varying subsample weight and methods until the method and weight 

that most efficiently produced stable readings was chosen. 



31 

 

 

 

Total Organic Carbon Content 

 

Once the %C of the subsample was obtained through elemental analysis, the total organic 

carbon content of each sediment depth fraction was calculated using the following formulae: 

 
1. ) 𝐶𝑠𝑠 = 

𝐶𝑠𝑐 × 𝑊𝑆𝑑𝑟𝑦 
 

 

𝑊𝑠𝑐 

 
2. ) 𝐶𝑓 = 

𝐶𝑠𝑠 × 𝑊𝑓 
 

 

𝑊𝑆𝑤𝑒𝑡 

 
 

 

Where Csc is carbon content of the analysed sample (mg), Wsdry is the weight of the total dried 

subsample (mg), Wsc is the weight of sediment analysed in the cup (mg), Css is the carbon 

content of the dried subsample (mg), Wf is the wet weight of the core fraction (g), Wswet is the 

wet weight of the subsample that was dried (g), and Cf is the carbon content of the core fraction 

(mg). 

2.4 Total Sediment Carbon Stock 

 
Using the sediment depth, subsample depth and interval, dry bulk density and the % organic 

carbon total sediment carbon stock can be calculated using the following formulae: 

1.) Sediment carbon density (g cm3) = dry bulk density (g cm3) * (% Corg/100) 

 
The amount of carbon in each of the various fragments of the core can then be calculated by 

multiplying each sediment carbon density in each core fragment by the thickness of the 

sample fragment (cm), the following formulae can be applied: 

2.) Amount carbon in core section (g cm2) = Sediment carbon density (g cm3) * 

thickness interval (cm) 

To then calculate the amount of carbon in each core the following formulae can be used, it is 

critical that the total core length is known for this step: 
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] 

3.) Core #1 summed = Amount carbon in core fragment A (g cm2) + Amount carbon 

in core fragment B (g cm2) + Amount carbon in core fragment C (g cm2) + etc. 

(including every fragment within the core) 

Next the amount of carbon per core is then converted from grams of carbon per cm2 to tonnes 

 

(t) of carbon per hectare (t ha-1), this calculation will need to be repeated for each core: 

 
4.) Total core carbon (t ha-1) = Summed core carbon (g cm2) * (1 t/1 000 000 g) * 

(100 000 000 cm2/1 hectare) 

To determine variability and asses any potential errors the standard deviation across each 

core will be calculated using the following equation: 

 

5.) Core Standard Deviation (σ) = [
(𝑋1−𝑋)2+(𝑋2−𝑋)2+⋯(𝑋𝑛−𝑋)2  1

 
(𝑁−1) 2 

 

Where X is the average carbon in a core, X1 is the individual result for core #1, 

MgC/hectare is represented by Xn =is the individual result for core #2, XN etc., and N is the 

total number of results. 

To then understand how much what the carbon stock is in each study site the average core 

carbon stock is used and multiplied by the size of the study site, it is critical to include the 

total final depth of each core as the final unit for sediment carbon stock (t ha-1) in each site 

will be over the specific depth interval reached. 

6.) Total organic carbon in a project area (t ha-1) = (average core carbon from Stratum 

A1 (t ha-1) * area Site 1 (hectares)) + (average core carbon from Stratum B (t ha-1) 

* area Site 1 (hectares) + etc. 
 

 

 

 

 

 

1 
Where Stratum A is the low marsh core data and where Stratum B is the mid marsh core data. 
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Total variability was determined to represent any potential uncertainties in data across study 

sites, the standard deviation for each site is calculated using the total organic carbon in each 

project area and the size of each site (hectares). Final carbon stock values will be presented in 

tonnes per hectare (t ha-1) and represented along with their relative ± uncertainty (standard 

deviation) (Howard et al., 2014; Radabaugh et al., 2018). 

Isotopic analysis for Carbon dating 

 

Sixty samples between 1-6 grams were sent to Environmental Radioactivity Laboratory (ESR) 

at the Institute of Environmental Science and Research Limited for alpha spectrometry 

analysis. The deepest core from each site was selected and depth fragments 0-2cm, 4-6cm, 8- 

10cm, 14-15cm, 19-20cm, 24-25cm, 29-30cm, 34-35cm, 39-40cm, and 44-45cm were analysed 

for Po-210 and Pb-210 (10 fragments per core). 

Additionally, 12 samples between 3-20 grams were sent for gamma spectrometry analysis, the 

deepest core from each site was selected and depth fragments 4-6cm and 8-10cm were 

analysed. Samples were analysed for Pb-210, Ra-228, Ra-226 and Cs-137 simultaneously, Ra- 

226 and Ra-228 give a baseline for supported Pb-210 (via Ra-226) and may provide additional 

information. Cs-137 is a marker used for dating, the Ra-226 and Ra-228 data provided through 

gamma spectrometry can be used to measure the supported Pb-210 activity from alpha 

spectrometry and should further support our isotopic results. 

2.5 Statistical Analysis 

 
PRIMER7 (Anderson et al., 2008) will be used to conduct a one-way PERMANOVA tests for 

significant (p <0.05) differences between mean carbon stocks across sites. And a two-way 

PERMANOVA or pairwise post-hoc tests will be used to test for significant (p <0.05) 

differences between depths and sediment carbon stocks between the sites (Bulmer et al., 2020). 
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Chapter 3 

Results 
 

The following chapter presents key findings surrounding environmental characteristics, 

sediment carbon percentage, carbon stocks at the core (g cm3) and site level (t ha-1), and 

radioisotope carbon dating. 

3.1 Environmental Characteristics 

 
3.1.1 General Site Characteristics 

 
In summary, six coastal saltmarsh wetlands were studied and were selected largely based on 

the occurrence of vegetation and hydrological restoration. Wainui Repo Whenua Wetland (~1 

year) has most recently had restoration through a combination of planting, hydrological 

changes through re-wetting, and restoring tidal influence, Te Pā Ika Wetland (~5 years) and 

Kūkūwai Whakapoukōrero (~20 years) were restored through similar methods. Matua 

Saltmarsh (30 years) has had restoration through community-based plantings in the late 1990’s, 

Te Awa o Ngātoroirangi and Wainui River Saltmarsh were the two control coastal saltmarsh 

wetlands for this study. 

The study sites in order of restoration occurrence are visually presented from most recently 

restored to control sites (Figure 3.1). The first image is site wide and clearly shows the state of 

each of the sites, evidently the level of vegetation present in Wainui Repo Whenua Wetland 

(~1 year) compared to that of the two control sites Te awa o Ngātoroirangi and Wainui River 

Saltmarsh, the second image provides further context to the vegetation coverage and diversity. 

The first sediment core which was extracted from the low marsh environments is attached, due 

to error there is no image available for the low sediment core from Wainui River Saltmarsh. 

The last images are the sediment cores extracted from the mid-marsh at each site, all cores are 
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arranged with the surface level on the left, it is notable that core depths varied by strata and 

site. 

3.1.2 Sediment Core Characteristics and Bulk Density 

 
The deepest sediment core samples were extracted from Wainui Repo Whenua Wetland (~1 

year) and Matua Saltmarsh (~30 years) as a maximum depth of 69cm, while the cores that 

reached the shallowest depths were extracted from Te Pā Ika Wetland (~5 years) and Kūkūwai 

Whakapoukōrero (~20 years) at a maximum depth of 27cm. Due to the varying depths reached 

across the sediment core samples the number of sub-samples extracted subsequently varied, 

Wainui Repo Whenua Wetland (~1 year) had the highest total number of sub-samples at 55, 

while only 35 sub-samples were able to be analysed from Te Pā Ika (~5 years) across both 

sediment cores. 

Wainui Repo Whenua Wetland (~1 year) and Te Pā Ika (~5 years) both had the highest bulk 

density of 0.907g cm3, however Wainui Repo Whenua Wetland (~1 year) had a lower standard 

error of ±0.034 between the two sites. Wainui River Saltmarsh (control) had the lowest mean 

bulk density at 0.633 ± 0.032g cm3. It is notable that the bulk density for Matua Saltmarsh (~30 

years) had the largest standard error 0.765 ± 0.057g cm3 (Table 3.1). Overall, there was little 

variability between bulk density across the sites and all bulk density values suggest that the 

sediment grain size is finer and comparable with clay (<1.10g cm3). 
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Figure 3.1: Pictogram illustrating the sites surveyed in ascending order of date at which restoration (most recent to control). 
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Table 3.1: Additional data on site characteristics, core subsample information, and bulk density, ±SE. 

 
 Wainui Repo Whenua 

Wetland 

(SD5) 

- 3.4ha 

Te Pā Ika Wetland 

(MK2) 

- 12.35ha 

Kūkūwai 

Whakapoukōrero (MK3) 

- 35.68ha 

Matua Saltmarsh 

(MS6) 

- 20.43ha 

Te Awa o 

Ngātoroirangi (MK1) 

- 15.55ha 

Wainui River 

Saltmarsh 

(SD4) 

- 15.75ha 

Age ~1 year since restoration ~5 years since 

restoration 

~20 years since restoration ~30 years since restoration Control Control 

Restoration Ground works to restore 

hydrological flow and 

planting undertaken 

Ground works to 

restore hydrological 

flow and planting 
undertaken 

Ground works to restore 

hydrological flow and 

planting undertaken 

Planting N/A N/A 

Environmental 

characteristics 

Previously paddock, 

surrounded by 

agricultural land, and 

adjacent to State Highway 
2 and Wainui River 

Previously paddock, 

surrounded by 

estuary, and adjacent 

to Ford Road 

Previously paddock, 

surrounded by agricultural 

land, and adjacent to Maketū 

Road 

Surrounded by urban 

residential development, 

boardwalks, railway, and 

adjacent to Ngatai Road 

Surrounded by estuary, 

agricultural draining 

outlet adjacent to 

saltmarsh 

Surrounded by 

agricultural land, and 

adjacent to State 

Highway 2 and Wainui 
River 

Max Core Depth 

reached (cm) 

69 48 49 69 51 46 

Min Core Depth 

reached (cm) 

57 27 27 42 49 41 

Total 

sub-samples 

55 35 42 49 44 38 

Mean Bulk Density 

(g cm3) 

0.907 ± 0.034 0.907 ± 0.051 0.843 ± 0.054 0.765 ± 0.057 0.805 ± 0.054 0.633 ± 0.032 

Highest Bulk 

Density (g cm3) 

1.458 1.614 1.762 1.393 1.324 1.159 

Lowest Bulk 

Density (g cm3) 

0.310 0.315 0.287 0.142 0.209 0.146 
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3.2 Carbon Stock 

 
3.2.1 Carbon Concentration 

 
Carbon concentration is presented as mean carbon percentage calculated at the site level from 

each of the sediment core sub-samples. Matua Saltmarsh (~30 years) contained the highest 

mean concentration of carbon at 5.83 ± 1.151%, notably this is the highest standard error across 

concentrations, resulting in an upper limit of 6.38% and a lower limit of 4.08%. Wainui Repo 

Whenua (~1 year) displayed the lowest mean carbon concentration of 2.91 ± 0.26%, however 

this site had a maximum carbon concentration of 20.36% across depth sub-samples, this is the 

second highest maximum recording with Matua Saltmarsh (~30 years) having the highest sub- 

sample maximum of 21.13%. The minimum carbon concentration across sub-samples was 

present at Kūkūwai Whakapoukōrero (~20 years) at 0.22% (Table 3.2). Overall, there were no 

significant linear trends across carbon concentration, sites and temporal variance. 
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Table 3.2: Summary of carbon concentrations (%) across sites, ±SE. 
 

 Wainui Repo Whenua 

Wetland (SD5) 

- 3.4ha 

Te Pā Ika 

Wetland 

(MK2) 

- 12.35ha 

Kūkūwai Whakapoukōrero (MK3) 

- 35.68ha 

Matua Saltmarsh 

(MS6) 

- 20.43ha 

Te Awa o Ngātoroirangi 

(MK1) 

- 15.55ha 

Wainui River 

Saltmarsh 

(SD4) 

- 15.75ha 

Age ~1 year since restoration ~5 years since 

restoration 

~20 years since restoration ~30 years since 

restoration 

Control Control 

Total sub- 

samples 

55 35 42 49 44 38 

Carbon % to 

50cm core 

depth 

3.60 ± 0.30 4.22 ± 0.66 3.46 ± 0.77 6.38 ± 1.33 3.53 ± 0.79 3.70 ± 0.56 

Carbon % to 

max core depth 

2.91 ± 0.262 4.29 ± 0.619 3.46 ± 0.774 5.84 ± 1.151 3.42 ± 0.777 3.89 ± 0.566 

Carbon % 

Upper Limit 

2.98 4.58 4.38 6.38 4.19 4.36 

Carbon % 

Lower Limit 

2.46 3.35 2.83 4.08 2.64 3.23 

Max Carbon% 20.36 13.64 14.48 21.13 14.46 11.97 

Min Carbon% 0.50 0.64 0.22 0.25 0.34 0.88 
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3.2.2 Carbon Stock across Depths 

 
It is essential to note that sediment cores reached varying depths across sites due to varying 

factors, for Figure 3.2 the total sediment organic carbon stock (TOC) is represented until the 

deepest mean depth reached across a site. For this reason, Te Awa o Ngātoroirangi (control, 

54cm), Wainui Repo Whenua Wetland (~1 year, 69cm), and Matua Saltmarsh (~30 years, 

69cm) observably have data past 50cm. Kukuwai Whakapoukōrero (~20 years), Wainui River 

Saltmarsh (control), and Te Pā Ika Wetland (~5 years) were standardised to 50cm. Overall, 

across sites, TOC (g cm3) decreases with depth, particularly after 20cm (Figure 3.2). Wainui 

Repo Whenua (~1 year) initially has the highest TOC between 4 -10cm, with the highest stock 

present at 6cm (0.12g cm3), the TOC then steadily decreases and then follows similar trends 

to Wainui River Saltmarsh (control) and Te Awa o Ngātoroirangi (control). Matua Saltmarsh 

(~30 years) has the next highest recording at 15cm with 0.138g cm3, before rapidly dropping 

to 0.06g cm3 between 15cm and 19cm. Te Pā Ika Wetland (~5 years) then peaks at 25cm with 

a recording of 0.13g cm3 before it then steadily drops until 45cm where a reading of 0.10g cm3 

occurs, this follows trend to Wainui River Saltmarsh (control) that also experiences a sudden 

peak at 44cm with a reading of 0.07g cm3. In summary TOC is higher in shallow depths 

compared to the TOC present at depths past 25cm, with the lowest TOC of 0.01g cm3 recorded 

at 44cm in Kūkūwai Whakapoukōrero (~20 years). Statistical analysis of carbon stocks across 

all depths indicated significant difference between the 10cm and 44cm depth fragments (p < 

0.0019, Table 3.5) suggesting that there are significant differences between TOC between 

depths and sub-sample fragments. It is notable that for Table 3.5 depths were standardised to 

49cm in order to compare these three variables (depth, TOC, and site). 
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3.2.3 Carbon Stock and Accumulation Rates 

 
Matua Saltmarsh (~30 years) had the highest total organic carbon stock at 1.21 ± 0.005g cm3, 

this translates to 121.42 ± 0.534t ha-1 or 91.52 ± 0.75t ha-1 to a standard depth of 50cm . The 

lowest carbon stocks were present in Te Awa o Ngātoroirangi (control) at 0.69 ± 0.004g cm3, 

translating to a maximum total OC of 68.66 ± 0.401t ha-1 and a standardised TOC of 66.83 ± 

0.42t ha-1. Wainui River Saltmarsh (control) had the highest carbon accumulation rates (CAR), 

with a sediment accumulation rate (SAR) of 11.57mm yr-1, translating to an estimated 288.82g 

m-2 yr-1 of carbon over 20 years. It is notable that all sites were dated to 20 years except for 

Matua Saltmarsh (~30 years) which was dated to 30 years due to restoration through planting 

practices occurring in the 1990’s, the SAR was 3.39mm yr-1 and the CAR was 107.91g m-2 yr- 

1 of carbon over 30 years or 161.87g m-2 yr-1 over the last 20 years. Wainui Repo Whenua (~1 

year) had the lowest SAR 2.23mm yr-1, while the CAR was 192.63 g m-2 yr-1 (Table 3.3). There 

appears to be a weak linear relationship between CAR and temporal gradient of restoration 

(Figure 3.4), CAR steadily increases with age except for Matua Saltmarsh (~30 years) and Te 

Awa o Ngātoroirangi (control). Suggesting carbon sequestration rates steadily increase in 

restored saltmarsh environments with time this is tightly interlinked to the Sediment 

Accumulation Rate (SAR) for each site (Figure 3.5). 

3.2.4 Total Organic Carbon 

 
TOC across sites was calculating by summing each of the sub-sample organic carbon stocks (t 

ha-1) at maximum depth and then to a standardised 50cm depth to account for variability. Matua 

Saltmarsh (~30 years) had the largest TOC by maximum core depth of 121.42 ± 0.534t ha-1, 

however once depths and TOC are standardised to 50cm depth Te Pā Ika Wetland (~5 years) 

displayed the highest TOC of 125.68 ± 0.61t ha-1. Te Awa o Ngatoroirangi (control) had the 

lowest maximum core depth TOC of 68.66 ± 0.401t ha-1, after standardisation to 50cm depth 
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this figure only varied by 1.83t ha-1. The largest and smallest standardised TOC varied by 

58.85t ha-1. Three of the four restored sites have higher total maximum and standardised TOC 

results compared to both control sites with Kuku Whakapoukōrero Wetland (~20 years) being 

the only restored site with a total OC below Wainui River Saltmarsh (control), with only 5.39t 

ha-1 maximum TOC and 8.97t ha-1 standardised TOC separating this site from the Te Awa o 

Ngātoroirangi control site (Figure 3.3). However, a one-way PERMANOVA of TOC between 

sites suggests that the most significant difference between TOC across sites is evident between 

Te Awa o Ngātoroirangi (control) and Te Pā Ika Wetland (~5 years, p < 0.0007). It is also 

evident that Te Awa o Ngātoroirangi (control) displays a significant difference with Wainui 

Repo Whenua Wetland (~1 year, p < 0.0054, Table 3.4). 

 

 

Figure 3.2: Total sediment carbon stocks across sites to a standardized depth of 50cm, ±SE. 



43  

Table 3.3: Summary of organic carbon stock across sites, as well as estimated radioisotope carbon dating data, ±SE 
 

 
 

 Wainui Repo 

Whenua Wetland 

(SD5) 

- 3.4ha 

Te Pā Ika Wetland 

(MK2) 

- 12.35ha 

Kūkūwai 

Whakapoukōrero (MK3) 

- 35.68ha 

Matua Saltmarsh 

(MS6) 

- 20.43ha 

Te Awa o Ngātoroirangi 

(MK1) 

- 15.55ha 

Wainui River 

Saltmarsh 

(SD4) 

- 15.75ha 

Age ~1 year since 

restoration 

~5 years since 

restoration 

~20 years since restoration ~30 years since 

restoration 

Control Control 

Total Carbon Stock to max 

core depth2 

(g cm3) 

0.97 ± 0.006 1.17 ± 0.006 0.74 ± 0.006 1.21 ± 0.005 0.69 ± 0.004 0.81 ± 0.002 

Total Carbon Stock Upper 

Limit 
(g cm3) 

0.98 1.18 0.75 1.22 0.69 0.85 

Total Carbon Stock Lower 

Limit 
(g cm3) 

0.97 1.16 0.74 1.21 0.68 0.84 

Total Carbon Stock to max 

core depth2 (Tonnes ha-1) 

97.62 ± 0.673 116.88 ± 0.630 74.05 ± 0.587 121.42 ± 0.534 68.66 ± 0.401 80.90 ± 0.244 

Total Carbon Stock to 

50cm depth (Tonnes ha-1) 

85.59 ± 0.76 125.68 ± 0.61 75.80 ± 0.58 91.52 ± 0.75 66.83 ± 0.42 91.31 ± 0.25 

Estimated Carbon Stock 

across each site 

(Tonnes site area -1 to 50cm) 

291.01 1552.15 2704.38 1869.68 1039.17 1438.17 

SAR over the last 20 years 

mm yr-1 

2.23 6.70 5.61 3.393 5.31 11.57 

Habitat CAR over last 20 

years g C m-2 yr-1 

192.63 227.04 276.58 161.87 

107.913 

217.95 288.82 

 
 

2 Note that max core depths vary across sites, refer to Table 3.2 for specifics. 
3 Matua saltmarsh (MS6) SAR calculated over the last 30 years as restoration (planting) occurred in the late 1990’s. 
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Figure 3.3: Mean sediment organic carbon stock (grams per cubic centimetre) across depth intervals across sites, each point represents a sample. 
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Figure 3.4: Carbon Accumulation Rates (CAR) across sites for the last 20 years. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.5: Sediment Accumulation Rate (SAR) across sites for the last 20 years. 
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Table 3.4: One-way pairwise PERMANOVA results, comparing total organic carbon stock (t ha-1) 

across sites, displayed are the sites that displayed significant differences to each other (p<0.05). 
 

Site Site t-value P-value (p <0.05) 

Te Awa o 

Ngātoroirangi 

Te Pā Ika Wetland 3.717 0.0007* 

Te Awa o 

Ngātoroirangi 

Wainui River 

Saltmarsh 

2.292 0.0263 

Te Pā Ika Wetland Kūkūwai 

Whakapoukōrero 

2.470 0.0172 

Te Pā Ika Wetland Wainui River 

Saltmarsh 

2.402 0.0172 

Te Pā Ika Wetland Wainui Repo 

Whenua Wetland 

2.966 0.0054 

Te Pā Ika Wetland Matua Saltmarsh 2.160 0.0374 

 

 

 
Table 3.5: Two-way pairwise PERMANOVA results, comparing carbon stocks (t ha-1) to 50cm. 

 

Depth from Surface 

(cm) 

Depth from 

Surface (cm) 

t-value P-value (p <0.05) 

2 44 3.465 0.0183 

4 44 4.680 0.0049 

6 44 4.473 0.0044 

8 44 5.516 0.0034 

10 44 6.820 0.0019* 

14 39 3.671 0.0129 

15 34 2.463 0.0171 

19 44 3.561 0.0164 

20 30 3.601 0.0117 

24 30 4.704 0.0037 

25 40 1.839 0.0342 

34 44 2.653 0.0291 

40 50 2.496 0.047 
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Chapter 4 

Discussion 
 

 

As the global urgency to combat climate change grows, the focus on blue carbon research has 

intensified, with scientists, practitioners, and policymakers globally recognizing the potential 

of NBS in mitigating GHG emissions. Among these solutions, saltmarsh ecosystems play a 

crucial role in sequestering carbon, making these environments a key player in climate change 

mitigation and adaptation efforts. These habitats have undergone significant change and are 

experiencing accelerating shifts due to both climate change impacts and anthropogenic 

activities. Despite their importance, there is a significant knowledge gap in understanding of 

blue carbon dynamics in restored saltmarsh habitats, particularly in Aotearoa. 

This study addresses this critical gap by investigating blue carbon stocks in restored saltmarsh 

habitats in the BOP. Saltmarsh restoration is increasingly recognized as a valuable strategy not 

only for preserving biodiversity and ecosystem services but also for contributing to 

environmental resilience. Our findings aim to provide additional information for guiding future 

restoration practices and policies surrounding saltmarsh habitats and blue carbon, broadening 

the current understanding of the role that saltmarshes possess in climate change mitigation in 

the unique context of Aotearoa. 

4.1 Summary 

 
A key finding in this study is the high level of variability in blue carbon stocks across the study 

sites. These multidimensional bionetworks encompass intricate ecosystems with services 

occurring both aboveground and belowground. While saltmarsh restoration may seem 

conceptually simple, providing ecosystem-level solutions is inherently complex. Restored 

habitats are dynamic, influenced by various factors, resulting in multiple possible outcomes 
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over time and a restored saltmarsh may not exhibit all characteristics of a “pristine” control 

environment. However, it is clear that as saltmarsh habitats evolve after restoration efforts are 

commenced, there can be substantial changes to the system as it naturalizes (Staszak & 

Armitage, 2013). There are several key elements that significantly influence the evolving 

saltmarsh’s biotic and abiotic nature, including its history, catchment, elevation, hydrology, 

species composition, age since restoration, and level of inundation (Billah et al., 2022). 

Although this study did not cover all these elements in depth, we can still derive meaningful 

insights into how blue carbon stocks in restored saltmarsh systems in the BOP evolve with 

time. 

In our study that examined blue carbon stocks in both restored and control saltmarsh habitats, 

there was consistently high TOC in both types of habitats, within expected national and global 

ranges of TOC (Bulmer et al., 2020). This indicates the potential of restored saltmarsh habitats 

in Aotearoa to serve as effective blue carbon sinks. Notably, TOC in the restored saltmarshes 

in this study exhibited elevated TOC levels compared to control habitats both compared to 

control sites in this study and compared to both restored and control sites in other literature, 

challenging the anticipated lower TOC in restored environments (McMahon et al., 2023). 

Notably, the most recently restored site, Wainui Repo Whenua Wetland, displayed elevated 

TOC levels compared to the control environments despite its short timeframe since restoration 

(~1 year), which was in line with findings such as that of Burden et al (2019) and Noll et al 

(2019) who proved blue carbon accumulation rates to be most rapid in the first 20 years post 

restoration. 

Despite variability and weak linear trends between TOC and CAR, our findings affirm that 

surveyed saltmarsh wetlands in the BOP, Aotearoa, consistently exhibit elevated TOC and 

CAR levels compared to restored saltmarshes globally and control sites. This suggests that 

restored saltmarsh environments in our study hold significant potential as blue carbon sinks, 
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with restoration positively impacting carbon storage. The variability in our data highlights the 

importance of considering broader environmental factors, such as catchment characteristics, 

elevation, hydrology, age, history, sediment accumulation rates, and restoration techniques 

when evaluating blue carbon in the context of saltmarsh restoration. 

4.2 Sediment Heterogeneity in Restored Saltmarsh Ecosystems 

 
The following section discusses the sediment variability across our study sites, focusing on 

sediment bulk density in relation to blue carbon stocks, and compares our findings to previous 

studies. The expected trend across our study sites based on previous studies was that bulk 

density would decrease with time since restoration and with depth (USDA Natural Resources 

Conservation Service, 2008). Bulk density (a measure of sediment mass per unit volume) is 

influenced by factors such as particle size, composition and arrangement. For example, more 

finer particles like clay and silt generally lead to higher bulk densities compared to more coarser 

particles such as sand. This is because smaller grains can pack closer together with less pore 

space. Although bulk density can offer insights into sediment composition and texture, it is not 

a direct measure of grain size. Detailed grain size analysis is beyond the scope of this study 

although we recommend it in future work for more accurate understanding of the relationship 

between grain size and bulk density. 

The trend of higher mean bulk densities at recently restored sites in our study suggests that 

these sites have more finer particle sediment (e.g., silt) compared to older less disturbed sites. 

This is in line with findings from Kadiri et al. (2011), French (2019) and Spencer et al. (2017). 

There is a non-significant negative trend across our six sites with bulk density generally 

decreasing with time since restoration. For example, this is evident for Wainui Repo Whenua 

Wetland (~1year) and Te Pā Ika Wetland (~5 years), both of which have higher mean bulk 

density compared to the least disturbed control habitat (Wainui River Saltmarsh). In addition, 
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bulk density was generally lower at the surface and increased with depth in each core. This was 

particularly evident in Kūkūwai Whakapoukōrero (~20 years) which displayed a slightly higher 

maximum bulk density particularly in deeper levels within the sediment column compared to 

our other study sites, suggesting high levels of silt within these deeper levels of sediment at the 

site. 

In saltmarsh environments, the relationship between bulk density and depth is not always 

negatively correlated; instead, it can be influenced by a variety of factors and bulk density may 

increase with depth due to processes such as sediment accumulation and compaction. As new 

layers of sediment accumulate over time, compaction can occur, leading to higher bulk density 

in deeper layers (Stagg & Mendelssohn, 2010). Additionally, the decomposition of organic 

matter near the surface and alterations in hydrological conditions, whether natural or influenced 

by restoration efforts, can impact sediment compaction, and contribute to an increase in bulk 

density with depth. Although the reasons for this are unclear due to the rage of possible 

differing influencing factors, some studies find opposite trends in bulk density with depth 

compared to our findings. For example, Noll et al., (2019) tracked the restoration of a 

constructed tidal saltmarsh in North Carolina, USA, spanning five decades from the 1970s. 

Periodic measurements of a range of sediment properties including bulk density and organic 

carbon showed that bulk density decreased over the five decades and was higher in the top 0- 

10cm of cores than 10-30cm below. 

Our study had a wide range of core lengths ranging from 27cm to 69cm. This variation can be 

attributed to a range of factors including differences in bulk density, sediment grain size, 

historic land use, and levels of inundation (Cai et al., 2022). Environments characterized by 

visibly larger grain sizes, such as sand compared to silt, generally yielded shorter sediment 

cores, and we would expect these environments to have lower bulk densities. Based on visual 

observations of the general appearance of the sediment at each of the sites, especially those 
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with relatively high sand content, we would have expected Te Pā Ika Wetland (~5 years) to 

have the lowest bulk density paired with the mean lowest core depth. However, the lowest 

mean bulk density was observed at our “pristine” control environment Wainui River Saltmarsh. 

This may have been due to less anthropogenic impacts compared to that of our modified 

restoration sites, steady levels of inundation, and that levels of elevation across the site are 

naturalised and optimal to the surrounding habitat. 

The site exhibiting the highest silt content and the greatest maximum core length, Wainui Repo 

Whenua Wetland (~1 year), has an interesting dynamic in bulk density variations and grain 

size. The elevated bulk density observed at this site could be attributed to several potential 

processes stemming from recent disturbances to the sediment column. Changes in hydrological 

flow in efforts to re-establish regular tidal influence along with the mechanical and physical 

works associated with this, may have led to sediment compaction and higher bulk density 

(Spencer et al., 2017). The site's history of agricultural land use could have left a lasting imprint 

on sediment characteristics both morphologically and biochemically, contributing to the 

observed fine grain size and higher bulk density (Koppenaal et al., 2022). Additionally, the 

absence of detailed analysis regarding the correlation of vegetation root systems with sediment 

core extraction in this study leaves room for further exploration. The presence and interference 

of vegetation root systems can significantly impact sediment core length. Future research 

should consider incorporating this element of analysis to definitively assess the influence of 

root mass on sediment core length and draw more conclusive insights. 

The overall low vegetation coverage observed at Wainui Repo Whenua Wetland (~1 year) 

likely played a role in determining the length of sediment cores. This aspect aligns with studies 

such as Kelleway et al. (2016), highlighting the intricate relationship between vegetation 

coverage, root systems, and sediment characteristics. 
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Figure 4.1: Left, Te Pā Ika Wetland (~5 years), and right, Wainui Repo Whenua Wetland (~1 year). 

 

 
 

Table 4.1: Sediment textures and ideal bulk density ranges for plant growth, resource from the South 

Dakota Soil Health Coalition. 
 

Sediment Texture Ideal Bulk Densities for 

plant growth (g cm3) 

Bulk densities that restrict root 

growth (g cm3) 

Sand <1.60 >1.80 

Silt <1.40 >1.65 

Clay <1.10 >1.47 

 

The relationship between grain size and the duration since restoration has been extensively 

observed in ecological studies. For example, Lawrence et al. (2018) investigated sediment 

dynamics post-restoration and found that saltmarsh habitats undergoing restoration often begin 

with a higher proportion of fine-grained sediments (silt). Over time, there appears to be a 

transition towards a sediment composition that is increasingly dominated by coarser particles 

(sand).This shift towards coarser sediment composition with time since restoration is 

influenced by a range of ecological and hydrological factors that dictate sediment transport and 

deposition processes. Factors such as vegetation growth, water flow dynamics, and sediment 

supply can all contribute to this evolving sediment landscape. While detailed investigations of 

these factors were beyond the scope of this thesis, vegetation has obvious differences across 

our study sites (refer to Figure 3.1). Our sites that were either “pristine” or were over ~20 years 
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since restoration had the highest average vegetation coverage in low and mid marsh habitats. 

These vegetated sites were generally dominated by oioi (Apodasmia similis) and/or wīwī 

(Juncus kraussii), while our most recently restored sites were generally dominated by bare 

ground, woody debris, and herbs such as batchelor’s button (Cotula coronopifolia). 

As restored saltmarshes naturalize, the growth and maturation of vegetation plays a pivotal 

role in stabilizing sediments. The intricate and dynamic root systems of saltmarsh plants trap 

and bind sediments, reducing their susceptibility to erosion. Moreover, the type and density of 

vegetation can influence sediment accretion and determine the overall sediment texture over 

time such as where greater vegetation coverage leads to less erosion and increased SAR 

(Boorman et al., 1998). 

Water flow dynamics contributes significantly to the grain size increasing with time. The 

hydrological flows within saltmarsh habitats, influenced by tidal patterns and freshwater influx, 

dictates the movement of sediments. Generally, water flows in saltmarshes redistribute 

sediments by selectively transporting finer particles downstream while allowing coarser 

materials to settle. In their 2017 study, Spencer et al. explored the relationship between restored 

saltmarsh habitats and hydrological changes. Their findings unveiled a significant impact in 

regions experiencing fluctuations in tidal flows or adjustments in freshwater inputs due to 

restoration efforts. Notably, habitats subjected to new and modified hydrological flows often 

exhibited finer grain sizes. This phenomenon was observed, for instance, in areas influenced 

by tidal flood gates, exemplified in our study by our two most recently restored sites, Wainui 

Repo Whenua Wetland (~1 year) and Te Pā Ika Wetland (~5 years), which displayed the 

highest bulk density and presumed grain size. Sediment supply, another key determinant, is 

influenced by external sources within the catchment, such as freshwater inputs and tidal 

currents. Restoration activities can alter sediment transport pathways and introduce sediments 
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of varying sizes from external sources. This influx of new sediments, combined with internal 

processes, contributes to the evolving composition of the substrate (French, 2019). 

Restoration and acclimatisation of restored saltmarsh environments are not isolated events but 

ongoing processes shaped by a multitude of interacting forces. Our analysis across our six study 

sites at varying stages of restoration, supports this trend. We identified a weak linear 

relationship in mean bulk density with bulk density form recently restored sites to control sites, 

further supporting the notion that the composition of sediments within these habitats evolves 

over time, reflecting the intricate interplay of ecological and hydrological variables. 

The sediment type including grain size and composition of a saltmarsh (restored or ”natural”) 

plays a crucial role in influencing carbon cycling within the habitat. Fine-grained sediments, 

such as silt and clay, generally have higher organic carbon content and provide favourable 

conditions for carbon sequestration. These sediments create anaerobic environments that limit 

microbial decomposition, promoting the accumulation of organic matter over time. On the 

other hand, coarse-grained sediments, like sand, may have lower organic carbon content but 

offer increased aeration, potentially influencing decomposition rates (Kelleway et al., 2016). 

Additionally, sediment accumulation rates and the interaction between inundation frequency 

and sediment deposition further modulate carbon storage in saltmarsh ecosystems. 

Understanding these complex relationships is essential for comprehending the long-term 

efficacy of saltmarsh restoration efforts in mitigating climate change (Chmura, 2013). 
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4.3 Blue Carbon 

 
4.3.1 Blue Carbon Concentration Trends in Restored Saltmarshes 

 
The analysis of carbon concentration across surveyed sites unveils insights into the variability 

of carbon content across restored and control saltmarsh habitats, particularly concerning depth. 

Within this study, carbon concentrations followed anticipated trends, with the highest 

percentage found in the upper 30cm sediment cores, decreasing with depth. This pattern aligns 

with other work in Aotearoa by Bulmer et al. (2020), who emphasized the significance of the 

upper sediment layer in carbon storage within saltmarsh ecosystems. The heightened carbon 

concentrations in the top 30cm are likely due to a combination of factors. First, the surface 

layer experiences more active biological processes, including root activity, microbial 

decomposition, and organic matter turnover, contributing to elevated carbon concentrations 

(Howard et al., 2017). Second, the upper sediment layer is influenced by plant productivity and 

detritus accumulation, further enhancing carbon storage near the surface. These intricate 

interactions among vegetation, microbial activity, and sediment processes underscore the 

dynamic nature of carbon concentration in saltmarsh ecosystems, emphasizing the necessity 

for detailed investigations into the factors influencing carbon dynamics across different 

sediment depths. 

The vegetation, elevation, and level of inundation present within a habitat must also be 

considered when assessing and sampling for carbon concentration within a saltmarsh. In this 

study, we made our best attempt to extract a core from a low-marsh and mid-marsh zone to 

better capture carbon dynamics across the entire site. However, delineating our study sites often 

posed difficulties as younger sites generally lacked definitive morphology and vegetation. In 

terms of carbon concentration between low and mid marsh zones, the low-marsh sediment 

cores had higher observed maximum and minimum carbon concentration (21.13%, 0.29%) 

compared to within the mid-marsh cores (18.57%, 0.22%). Elsey-Quirk et al. (2011) observed 
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a similar trend of increasing carbon concentration from high to low marsh zones, with the 

highest concentration between the mid and low zones, likely attributed to vegetation turnover 

and detritus accumulation. 

There was significant variation in carbon sequestration capacities across our study sites. Matua 

Saltmarsh (~30 years) demonstrated the highest average and absolute carbon concentrations 

among all sites, showing that this site is a significant carbon reservoir. In contrast, Wainui Repo 

Whenua (~1 year) had the lowest mean carbon concentration, despite exhibiting a notable 

maximum carbon concentration between 2-4cm within the low-marsh sediment core. Kūkūwai 

Whakapoukōrero (~20 years) presented the minimum carbon concentration. The absence of 

significant linear trends across carbon concentrations, sites, and temporal scales suggests that 

influencing factors are complex, emphasizing the need for a detailed assessment of carbon 

dynamics within each site's specific context. 

4.3.2 Depth-Dependent Dynamics of Blue Carbon Stocks 

 

Total sediment organic carbon (TOC) displayed consistent trends in vertical distribution across 

our study sites, aligning with established patterns observed in carbon concentrations within 

saltmarsh sediments. Typically, mean TOC values were higher in the upper 30cm of sediment 

and gradually decreased with depth, in accordance with the findings of similar studies (Howard 

et al., 2017; Kirwan et al., 2010). The most significant differences in TOC were observed 

between the 10cm and 44cm sub-samples due to significant differences in TOC likely caused 

by differing levels of aerobic activity, in line with previous studies (Yuan et al., 2020). 

Differences in aerobic conditions across saltmarsh sediment layers play a crucial role in 

shaping the distribution of organic carbon and other key components. 

Generally, sediment layers closer to the surface exhibit higher aerobic activity due to increased 

exposure to oxygen. This aerobic zone, typically extending to the upper 30cm of sediment, 
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fosters microbial decomposition of organic matter and supports plant root systems. As sediment 

layers experience reduced oxygen availability with depth, this leads to a shift toward anaerobic 

conditions. This transition has significant implications for the decomposition processes, 

microbial communities, and biogeochemical cycling within the sediments (Wiegert et al., 

1981). The variations in aerobic activity contribute to distinct patterns in TOC distribution, 

with higher concentrations observed in aerobic zones and decreasing levels with depth. 

Understanding these aerobic differences in saltmarsh sediment layers is essential for 

comprehending the dynamics of carbon sequestration, nutrient cycling, and overall ecosystem 

functioning in these critical coastal environments (Howarth & Hobbie, 1982). 

Two intriguing outliers, Te Pā Ika Wetland (~5 year) and Wainui River Saltmarsh (control), 

challenged this trend of lower TOC being expected in the deeper levels of sediment by 

exhibiting unexpected peaks in TOC between 44cm and 45cm, respectively. These atypical 

TOC peaks suggest a potential influence of historical land use, particularly in the case of Te Pā 

Ika Wetland (~5 year), indicating the presence of sediment heterogeneity across the vertical 

column. The unexpected TOC peaks identified in this study serve as potential indicators of the 

intricate relationship between historical organic matter, land use and contemporary restoration 

efforts in saltmarsh ecosystems. Future studies exploring these variances can contribute to 

better understanding the complex interplay between human activities, sediment dynamics, and 

carbon sequestration in saltmarshes. This knowledge can guide more informed restoration 

strategies, considering and leveraging historical legacies to achieve sustainable and effective 

saltmarsh restoration outcomes in alignment with blue carbon and climate change mitigation. 
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4.3.3 Variations in Blue Carbon Stocks: Unveiling Patterns 

 
The weak negative linear relationship observed between temporal variance and TOC is 

primarily driven by the notably high TOC levels detected within Te Pā Ika Wetland (~5 year). 

In this study, TOC patterns do not exhibit substantial trends that allow for conclusive insights 

into how TOC behaves over time across restored habitats compared to controls. Nevertheless, 

both our standardized and maximum depth TOC values in both restored and control sites fall 

within the expected range for a saltmarsh habitat globally. In the context of Aotearoa, our TOC 

readings are consistently high, aligning with typical values observed in saltmarsh habitats. 

It appears standard for saltmarsh habitats to have TOC figures between 20t ha-1 and 90t ha-1. 

Bulmer et al., (2020) concluded that the Tairua estuary saltmarshes contained an average of 

90t ha-1, which is similar to findings of Burden et al. (2013; 2019) who found TOC stocks as 

high as 93t ha- 1 in Tollesbury, Essex, UK. Our average standardised TOC stock across all six 

sites was 89.45 ± 0.31t ha-1. McMahon et al., (2023) similarly investigated six saltmarshes, 

three restored, and three natural within the Blackwater Estuary, Essex, UK and found that the 

TOC within restored saltmarsh (78.9 ± 27.5t ha-1) environments is generally lower than in 

control environments (87.7 ± 8.4t ha-1). Our study had standardised TOC within a similar range, 

however, an interesting trend is that our restored saltmarshes (94.65 ± 0.39t ha-1) had a higher 

TOC than our control saltmarshes (79.07 ± 0.22t ha-1). Overall, our study sites (both restored 

and control) displayed higher TOC across the mean, maximum, and minimum recordings when 

compared to other relevant studies (McMahon et al., 2023; Burden et al. 2013; 2019). 

The elevated TOCs observed in this study compared to previous work can be attributed to a 

combination of ecological, environmental, and catchment-related factors inherent to the 

saltmarsh habitats under investigation. The consistently high TOC levels (especially notable in 

Te Pā Ika Wetland (~5 years), suggest robust carbon sequestration processes within these 

environments. The presence of vegetation, microbial activity, and organic matter turnover in 
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the upper sediment layers can contribute significantly to higher TOC concentrations, 

particularly in the top 30cm of sediment, as demonstrated by similar findings in saltmarsh 

ecosystems (Howard et al., 2017; Kirwan et al., 2010). Moreover, the catchment inputs, 

including nutrient runoff, allochthonous organic matter, and sediment deposition from adjacent 

terrestrial and aquatic ecosystems, play a crucial role in shaping TOC levels in saltmarshes 

(Keller et al., 2012; McLeod et al., 2011 In reference to the hypothesized 80:20 ratio 

(allochthonous to autochthonous), it is plausible that our saltmarshes primarily derive carbon 

from allochthonous sources, indicating a significant influence from the surrounding 

catchments, as hypothesised by Williamson and Gattuso (2022). This ratio underscores the 

importance of external inputs in contributing to the blue carbon stocks within these saltmarsh 

environments, shedding light on the intricate interplay between autochthonous and 

allochthonous carbon sources. 

The historical land use and restoration activities in the study sites, combined with the unique 

characteristics of each site, such as hydrology, vegetation composition, and disturbance history, 

may have interacted with catchment inputs to influence sediment dynamics, altering carbon 

storage patterns over time. Understanding the intricate relationships between catchment 

processes and saltmarsh TOC levels is vital for comprehensive ecosystem management and 

effective restoration strategies. Future research could delve deeper into these site-specific and 

catchment-related attributes to unravel the complex interplay between environmental 

conditions, ecological processes, and carbon sequestration. 



60  

4.3.4 Carbon Storage: Blue Carbon's Sequestration Potential 

 
The observed variations in CAR and SAR across the surveyed saltmarsh sites is likely due to a 

combination of factors, including site-specific restoration practices, environmental conditions, 

and historical land use. The influence of elevation, and consequently tidal inundation, emerges 

as a pivotal factor impacting SAR (Blum et al., 2021). Saltmarsh wetlands situated at lower 

elevations experience greater coastal inundation and tidal effects, resulting in heightened 

sediment movement and dispersal. Conversely, environments at higher elevations are less 

susceptible to tidal influence and inundation, leading to reduced sediment transport. This 

elevation-related dynamic underscores the critical link between SAR and CAR; higher SAR 

levels correlate with increased potential for carbon accumulation, emphasizing the intricate 

relationship between topography, hydrology, and sedimentation processes in shaping carbon 

sequestration outcomes in saltmarsh ecosystems (Chastain et al., 2018). The correlation between 

the CAR and SAR present across our study sites appears to be proportional and complimentary 

to each other. 

Overall, CAR displayed a non-significant positive linear relationship which suggest that it 

increases with time since restoration. Matua Saltmarsh was the “oldest” restoration site in this 

study, having undergone restoration in the 1990s, the 30-year CAR was much lower (107.91 g 

C m-2 yr-1) than the 20-year CAR, to ensure better comparability between sites we decided to 

use the 20-year CAR for Matua Saltmarsh in further analysis. The relatively long time since 

restoration at Matua and the associated lower CAR (161.87 g C m-2 yr-1) and SAR (3.39 mm 

yr-1), emphasizes the influence of restoration duration on carbon and sediment accumulation. 

The lower CAR and SAR may also indicate that the environment has become limited in this 

ability to accumulate carbon and sediment and may be experiencing higher levels of 

environmental stressors such as poor water quality, altered hydrology, or disturbances that 

hinder the natural processes of carbon and sediment accumulation. 
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Wainui River Saltmarsh (control), displayed the highest CAR and SAR, suggesting efficient 

carbon sequestration and sediment accumulation, potentially linked to favourable hydrological 

conditions and vegetation cover, facilitating organic matter retention. These CAR and SAR 

figures are suggestive of the overall health of Wainui River Saltmarsh and support it as a control 

site in terms of efficient carbon cycling and accumulation. Wainui Repo Whenua Wetland (~1 

year), despite having a lower SAR, demonstrates a comparatively high CAR, indicating that 

carbon sequestration is more pronounced than sediment accumulation. This difference could 

be due to specific restoration interventions, variations in vegetation dynamics, or most likely 

in the case of this environment significant hydrological and inundation factors influencing 

carbon dynamics independent of sediment accretion. The weak linear relationship observed 

between CAR and the temporal gradient of restoration, with exceptions in Matua Saltmarsh 

(~30 years) and Te Awa o Ngātoroirangi (control), underscores the interactions between 

restoration history, environmental factors, and carbon sequestration rates in saltmarsh 

ecosystems. 
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Conclusions and Future Applications 
 

 

 

No distinct temporal trend emerged in the comparison of blue carbon stocks between restored 

and control environments although it was clear that restored environments exhibited substantial 

carbon storage in comparison to control environments. The restored saltmarshes in this study 

(~1-30 years since restoration) have higher mean TOC figures compared to our control 

environments. The TOC and CAR data conformed to expectations reflected in other studies, 

affirming that restored saltmarsh habitats demonstrate a notable capacity to store and 

accumulate significant carbon quantities within their initial 25 years before gradually 

stabilising (Noll et al., 2019; Burden et al., 2013). This highlights the effectiveness of saltmarsh 

restoration efforts in enhancing carbon storage, emphasizing the long-term potential of these 

restored habitats as robust carbon sinks. The higher TOC in the restored saltmarshes, even 

within the relatively short timeframe of 1 to 20 years, suggest a rapid establishment of carbon 

accumulation processes following restoration, further supporting the ecological benefits of 

saltmarsh restoration in the context of climate change mitigation. 

The heightened TOC and CAR observed in our restored saltmarshes prompt an exploration of 

the underlying factors driving enhanced carbon storage such as the accelerated growth and 

subsequent decomposition of vegetation in restored areas, with specific attention to the types 

of plant species thriving in these environments (Cai et al., 2023). Additionally, alterations in 

sedimentation patterns post-restoration may play a crucial role, emphasizing the need to 

examine sedimentation rates and their correlation with TOC and CAR (McMahon et al., 2023). 

Microbial activity within saltmarsh sediments, influenced by restoration activities, presents 

another opportunity for further investigation, shedding light on microbial processes 

contributing to elevated carbon figures (Santini et al., 2019). Hydrological conditions, 

including tidal influence and water circulation, also warrant scrutiny for their impact on carbon 
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dynamics. A thorough examination of land-use history at restored sites is essential, offering 

insights into past disturbances that may influence carbon storage (Burden et al., 2019). 

Saltmarsh habitats in Aotearoa present significant restoration opportunities, given the historical 

disturbances and destruction they have endured (>90%). With their intrinsic capacity to serve 

as blue carbon sinks and function as NBS to mitigate rising GHG’s and climate pressures, it is 

imperative that future research on restored saltmarsh wetlands in Aotearoa places a high 

priority on long-term monitoring and protection. This monitoring should extend beyond the 

initial 20-30 years post-restoration to comprehensively track the trajectory of blue carbon 

dynamics. Conducting comparative studies among diverse restoration techniques is essential, 

as is an assessment of the broader ecosystem services delivered by restoring saltmarshes. 

Addressing these factors in future research should aim to deepen our understanding of the 

mechanisms underpinning TOC and CAR figures specific to Aotearoa's restored saltmarshes. 

In conclusion, it is my sincere hope that future policymakers in Aotearoa recognize the intrinsic 

ecological value embedded in saltmarsh environments. This acknowledgment should extend to 

their demonstrated role as blue carbon sinks, a capacity that remains noteworthy even during 

various stages of restoration. What is particularly exciting is the prospect that these 

environments have the potential to persistently store substantial amounts of blue carbon over 

time, surpassing the capabilities of control environments in some cases. By understanding and 

acknowledging the enduring ecological contributions of saltmarsh habitats, we can inform and 

shape future policies to ensure their preservation and effective management. This commitment 

is essential for the well-being of our people, wider habitats, and future generations. 



64  

References 
 

Aber, J. S., Pavri, F., & Aber, S. W. (2012). Wetland environments: A global perspective. 

Wiley-Blackwell. 

Adam, P. (2002). Saltmarshes in a time of change. Environmental Conservation, 29(1), 39–

61. https://doi.org/10.1017/S0376892902000048 

Anderson, M., Gorley, R. N., & Clarke, K. (2008). PERMANOVA+ for primer: Guide to 

software and statistical methods. PRIMER-E 

Ausseil, A. G. E., Dymond, J. R., Kirschbaum, M. U. F., Andrew, R. M., & Parfitt, R. L. 

(2013). Assessment of multiple ecosystem services in New Zealand at the catchment 

scale. Environmental Modelling and Software, 43, 37-48. 

https://doi.org/10.1016/j.envsoft.2013.01.006. 

Ausseil, A. G., Gerbeaux, P., Chadderton, W. L., Stephens, T., Brown, D., & Leathwick, J. 

(2008). Wetland ecosystems of national importance for biodiversity: criteria, methods 

and candidate list of nationally important inland wetlands (Contract Report 

LC0708/158). Landcare Research. 

Barbier, 2019. Chapter 27- The value of coastal wetland ecosystem services 

G.M.E. Perillo, E. Wolanski, D.R. Cahoon, C.S. Hopkinson (Eds.), Coastal 

Wetlands: An Integrated Ecosystem Approach (second ed.), Elsevier (2019), pp. 947-

964. https://doi.org/10.1016/B978-0-444-63893-9.00027-7 

Barbier, E. B., Hacker, S. D., Kennedy, C., Koch, E. W., Stier, A. C., & Silliman, B. R. 

(2011). The value of estuarine and coastal ecosystem services. Ecological 

Monographs, 81(2), 169-183. https://doi.org/10.1890/10-1510.1 

Barrett, P., Kurian, P., Simmonds, N., & Cretney, R. (2018). Community participation in the 

development of the Ōngātoro/Maketū Estuary project: The socio‐ecological 

dimensions of restoring an interconnected ecosystem. Aquatic Conservation: Marine 

and Freshwater Ecosystems, 29(9), 1547-1560. https://doi.org/10.1002/aqc.3048 

Bay of Plenty Regional Council Toi Moana. (2023, May 22). Kaituna River rediversion and 

Maketū Estuary enhancement. https://www.boprc.govt.nz/our-projects/kaituna-river-

rediversion-and-maketu-estuary-enhancement 

Bernal, B., Murray, L. T., & Pearson, T. R. H. (2018). Global carbon dioxide removal rates 

from forest landscape restoration activities. Carbon Balance and Management, 

13(22), 1-13. https://doi.org/10.1186/s13021-018-0110-8 

Billah, M., Bhuiyan, M. A., Islam, M. A., Das, J., & Hoque, R. (2022). Salt marsh 

restoration: An overview of techniques and success indicators. Environmental Science 

and Pollution Research, 29, 15347–15363. https://doi.org/10.1007/s11356-021-

18305-5 

Blum, L. K., Christian, R. R., Cahoon, D. R., & Wiberg, P. L. (2021). Processes influencing 

marsh elevation change in low and high elevation zones of a temperate salt marsh. 

Estuaries and Coasts, 44(3), 818-833. https://doi.org/10.1007/s12237-020-00796-z 

https://doi.org/10.1017/S0376892902000048
https://doi.org/10.1016/j.envsoft.2013.01.006
https://doi.org/10.1016/B978-0-444-63893-9.00027-7
https://doi.org/10.1890/10-1510.1
https://doi.org/10.1002/aqc.3048
https://www.boprc.govt.nz/our-projects/kaituna-river-rediversion-and-maketu-estuary-enhancement
https://www.boprc.govt.nz/our-projects/kaituna-river-rediversion-and-maketu-estuary-enhancement
https://doi.org/10.1186/s13021-018-0110-8
https://doi.org/10.1007/s11356-021-18305-5
https://doi.org/10.1007/s11356-021-18305-5
https://doi.org/10.1007/s12237-020-00796-z


65  

Boorman, L. A., Garbutt, A., & Barratt, D. (1998). The role of vegetation in determining 

patterns of the accretion of salt marsh sediment. Geological Society, 139, 389-399. 

https://doi.org/10.1144/GSL.SP.1998.139.01.29 

Bouma, A. H. (1978). Coring methods, cores. Sedimentology, 264-267. 

https://doi.org/10.1007/3-540-31079-7_55 

Collier, M. J., & Bourke, M. (2020). The case for mainstreaming nature-based solutions into 

integrated catchment management in Ireland. Biology and Environment: Proceedings 

of the Royal Irish Academy, 120(2), 107–113. https://doi.org/10.3318/bioe.2020.08 

Braeckman, U., Provoost, P., Gribsholt, B., Gansbeke, D. V., Middelburg, J. J., Soetaert, K., 

& Vanaverbeke, J. (2010). Role of macrofauna functional traits and density in 

biogeochemical fluxes and bioturbation. Marine Ecology Progress Series, 399, 173-

186. https://doi.org/10.3354/meps08336 

Bridgham, S., Megonigal, J., Keller, J., Bliss, N., & Trettin, C. (2006). The carbon balance of 

North American wetlands. Wetlands, 26(4), 889-916. https://doi.org/10.1672/0277-

5212(2006)26[889:TCBONA]2.0.CO;2 

Brown, S., Monchy, P. D., & Tapihana, L. T. (2021). Bringing the Kaituna awa back to 

Maketū. Australasian Coasts & Ports Conference. WSP NZ Ltd. 

https://www.coastsandports.org/papers/2021/122_brown_finalpaper.pdf 

Bulmer, R. H., Stephenson, F., Jones, H. F., Townsend, M., Hillman, J. R., Schwendenmann, 

L., & Lundquist, C. J. (2020). Blue carbon stocks and cross-habitat subsidies. 

Frontiers in Marine Science, 7, 1-9.  https://doi.org/10.3389/fmars.2020.00380 

Bunn, S. E., & Arthington, A. H. (2002). Basic principles and ecological consequences of 

altered flow regimes for aquatic biodiversity. Environmental Management, 30(4), 

492-507. https://doi.org/10.1007/s00267-002-2737-0 

Burden, A., Garbutt, A., & Evans, C. (2019). Effect of restoration on saltmarsh carbon 

accumulation in Eastern England. Biology Letters, 15(1). 

https://doi.org/10.1098/rsbl.2018.0773 

Burden, A., Garbutt, R. A., Evans, C. D., Jones, D. L., & Cooper, D. M. (2013). Carbon 

sequestration and biogeochemical cycling in a saltmarsh subject to coastal managed 

realignment. Estuarine, Coastal and Shelf Science, 120, 12-20. 

https://doi.org/10.1016/j.ecss.2013.01.014 

Benham, C. F., Beavis S.G., & Hussey K.E. (2015). The cost of collaboration: How caring 

for our country has shaped regional natural resource. Australasian Journal of 

Environmental Management, 22(3), 285–29. 

https://doi.org/10.1080/14486563.2014.976847 

Cai, L., Helgason, T., & Redeker, R. K. (2022). Changes in sediment characteristics in the 

first year of a realigned saltmarsh. Estuarine Coastal and Shelf Science, 264, 1-9. 

https://doi.org/10.1016/j.ecss.2021.107684 

Cai, T., Huang, S., Wu, J., Zhang, Z., Xue, C., & Chen, Y. (2023). Saltmarsh carbon stock 

changes under combined effects of vegetation succession and reclamation. Ecosystem 

Health and Sustainability, 9. https://doi.org/10.34133/ehs.0114 

https://doi.org/10.1144/GSL.SP.1998.139.01.29
https://doi.org/10.1007/3-540-31079-7_55
https://doi.org/10.3318/bioe.2020.08
https://doi.org/10.3354/meps08336
https://doi.org/10.1672/0277-5212(2006)26%5b889:TCBONA%5d2.0.CO;2
https://doi.org/10.1672/0277-5212(2006)26%5b889:TCBONA%5d2.0.CO;2
https://www.coastsandports.org/papers/2021/122_brown_finalpaper.pdf
https://doi.org/10.3389/fmars.2020.00380
https://doi.org/10.1007/s00267-002-2737-0
https://doi.org/10.1098/rsbl.2018.0773
https://doi.org/10.1016/j.ecss.2013.01.014
https://doi.org/10.1080/14486563.2014.976847
https://doi.org/10.1016/j.ecss.2021.107684
https://doi.org/10.34133/ehs.0114


66  

Cai, W.-J., Feely, R. A., Testa, J. M., Li, M., Evans, W., Alin, S. R., Xu, Y.-Y., Pelletier, G., 

Ahmed, A., Greeley, D. J., Newton, J. A., & Bednaršek, N. (2021). Natural and 

Anthropogenic Drivers of Acidification in Large Estuaries. Annual Review of Marine 

Science, 13(1), 23–55. https://doi.org/10.1146/annurev-marine-010419-011004 

Carter, Lyn. (2019). Indigenous Pacific approaches to climate change Aotearoa/New 

Zealand (1st ed. 2019.). Springer International Publishing. 

https://doi.org/10.1007/978-3-319-96439-3 

Chastain, S. G., Kohfeld, K., & Pellatt, M. G. (2018). Carbon stocks and accumulation rates 

in salt marshes of the Pacific Coast of Canada. Biogeosciences Discussions. 

https://doi.org/10.5194/bg-2018-166 

Chmura, G. L. (2013). What do we need to assess the sustainability of the tidal saltmarsh 

carbon sink? Ocean & Coastal Management, 83, 25-31. 

https://doi.org/10.1016/j.ocecoaman.2011.09.006 

Landcare Research. (2004). Handbook of wetland condition assessment: A guide to 

ecological assessment. Landcare Research. http://doi.org/10.7931/J2Z60KZ3 

World Bank. (1989). Annual Report. World Bank. 

https://documents1.worldbank.org/curated/en/275671468766201470/pdf/multi-

page.pdf 

Coleman, A., & Karagedikli, Ö. (2018). Residential construction and population growth in 

New Zealand: 1996-2016. Reserve Bank of New Zealand Discussion Paper Series. 

https://ideas.repec.org/p/nzb/nzbdps/2018-2.html 

Costanza, R., d'Arge, R., de Groot, R. et al. (1997). The value of the world's ecosystem 

services and natural capital. Nature, 387, 253-260. https://doi.org/10.1038/387253a0 

Craft, C., Clough, J., Ehman, J., Joye, S., Park, R., Pennings, S., Guo, H., Machmuller, M. 

(2008). Forecasting the effects of accelerated sea-level rise on tidal marsh ecosystem 

services. Frontiers in Ecology and the Environment, 7(2), 73-78. 

https://doi.org/10.1890/070219 

Crutzen, P. J. Stoermer., EF (2000). The Anthropocene. Global Change Newsletter, 41, 17-

18. 

http://ndl.ethernet.edu.et/bitstream/123456789/74935/1/Eckart%20Ehlers.pdf#page=2

5 

Dai, X., Ma, J., & Zhang, H. et al. (2013). Evaluation of ecosystem health for the coastal 

wetlands at the Yangtze Estuary, Shanghai. Wetlands Ecological Management, 21(6), 

433-445. https://doi.org/10.1007/s11273-013-9316-4 

De Groot, R., Brander, L., van der Ploeg, S., Costanza, R., Bernard, F., Braat, L., Christie, 

M., Crossman, N., Ghermandi, A., Hein, L., Hussain, S., Kumar, P., McVittie, A., 

Portela, R., Rodriguez, L. C., ten Brink, P., & van Beukering, P. (2012). Global 

estimates of the value of ecosystems and their services in monetary units. Ecosystem 

Services, 1(1), 50-61. https://doi.org/10.1016/j.ecoser.2012.07.005 

Denyer, K., & Peters, M. (2020). The root causes of wetland loss in New Zealand: An 

analysis of public policies & processes. National Wetland Trust. 

https://doi.org/10.1146/annurev-marine-010419-011004
https://doi.org/10.1007/978-3-319-96439-3
https://doi.org/10.5194/bg-2018-166
https://doi.org/10.1016/j.ocecoaman.2011.09.006
http://doi.org/10.7931/J2Z60KZ3
https://documents1.worldbank.org/curated/en/275671468766201470/pdf/multi-page.pdf
https://documents1.worldbank.org/curated/en/275671468766201470/pdf/multi-page.pdf
https://ideas.repec.org/p/nzb/nzbdps/2018-2.html
https://doi.org/10.1038/387253a0
https://doi.org/10.1890/070219
http://ndl.ethernet.edu.et/bitstream/123456789/74935/1/Eckart%20Ehlers.pdf#page=25
http://ndl.ethernet.edu.et/bitstream/123456789/74935/1/Eckart%20Ehlers.pdf#page=25
https://doi.org/10.1007/s11273-013-9316-4
https://doi.org/10.1016/j.ecoser.2012.07.005


67  

https://www.wetlandtrust.org.nz/wp-content/uploads/2021/02/ROOT-CAUSES-OF-

WETLAND-LOSS-IN-NZ_Jan-2021.pdf 

Domke, G. M., Oswalt, S. N., Walters, B. F., & Morin, R. S. (2020). Tree planting has the 

potential to increase carbon sequestration capacity of forests in the United States. 

Proceedings of the National Academy of Sciences, 117(40), 24649-24651. 

https://doi.org/10.1073/pnas.2010840117 

Doney, S. C., Ruckelshaus, M., Duffy, J. E., Barry, J. P., Chan, F., English, C. A., Galindo, 

H. M., Grebmeier, J. M., Hollowed, A. B., Knowlton, N., Polovina, J., Rabalais, N. 

N., Sydeman, W. J., & Talley, L. D. (2012). Climate change impacts on marine 

ecosystems. Annual Review of Marine Science, 4(1), 11-37. 

https://doi.org/10.1146/annurev-marine-041911-111611 

Douglas, E. J., Lohrer, A. M., & Pilditch, C. A. (2019). Biodiversity breakpoints along stress 

gradients in estuaries and associated shifts in ecosystem interactions. Science reports, 

9(1), 17567. https://doi.org/10.1038/s41598-019-54192-0 

Downes, D. (2010). The New Zealand environmental movement and the politics of inclusion. 

Environmental Politics, 19(3), 471-491. https://doi.org/10.1080/713649347 

Duarte, C. M., Agusti, S., Barbier, E., Britten, G. L., Castilla, J. C., Gattuso, J.-P., Fulweiler, 

R. W., Hughes, T. P., Knowlton, N., Lovelock, C. E., Lotze, H. K., Predragovic, M., 

Poloczanska, E., Roberts, C., & Worm, B. (2020). Rebuilding marine life. Nature, 

580(7801), 39–51. https://doi.org/10.1038/s41586-020-2146-7 

Eggermont, H., Balian, E., Azevedo, J. M. N., Beumer, V., Brodin, T., Claudet, J., Fady, B., 

Grube, M., Keune, H., Lamarque, P., Reuter, K., Smith, M., van Ham, C., Weisser, 

W. W., & Le Roux, X. (2015). Nature-based solutions: New influence for 

environmental management and research in Europe. GAIA - Ecological Perspectives 

for Science and Society, 24(4), 243-248. https://doi.org/10.14512/gaia.24.4.9 

Elsey-Quirk, T., Seliskar, D. M., Sommerfield, C. K., & Gallagher, J. L. (2011). Salt marsh 

carbon pool distribution in a Mid-Atlantic lagoon, USA: Sea level rise implications. 

Wetlands, 31(1), 87–99. https://doi.org/10.1007/s13157-010-0139-2 

Fang, Y., & Jawitz, J. W. (2019). The evolution of human population distance to water in the 

USA from 1790 to 2010. Nature Communications, 10(1), 430. 

https://doi.org/10.1038/s41467-018-08129-w 

Fenemor, A., Phillips, C., Allen, W., Young, R. G., Harmsworth, G., Bowden, B., Basher, L., 

Gillespie, P. A., Kilvington, M., Davies-Colley, R., Dymond, J., Cole, A., Lauder, G., 

Davie, T., Smith, R., Markham, S., Deans, N., Stuart, B., Atkinson, M., & Collins, A. 

(2011). Integrated catchment management—interweaving social process and science 

knowledge. New Zealand Journal of Marine and Freshwater Research, 45(3), 313-

331. https://doi.org/10.1080/00288330.2011.593529 

Fitzgerald, M., Gonzalez, K., Funk, J. L., Whitcraft, C. R., & Allen, B. J. (2021). Recovering 

ecosystem functions in a restored salt marsh by leveraging positive effects of 

biodiversity. Ecosphere, 12(8), 1-15. https://doi.org/10.1002/ecs2.3664 

 

https://www.wetlandtrust.org.nz/wp-content/uploads/2021/02/ROOT-CAUSES-OF-WETLAND-LOSS-IN-NZ_Jan-2021.pdf
https://www.wetlandtrust.org.nz/wp-content/uploads/2021/02/ROOT-CAUSES-OF-WETLAND-LOSS-IN-NZ_Jan-2021.pdf
https://doi.org/10.1146/annurev-marine-041911-111611
https://doi.org/10.1038/s41598-019-54192-0
https://doi.org/10.1080/713649347
https://doi.org/10.1038/s41586-020-2146-7
https://doi.org/10.14512/gaia.24.4.9
https://doi.org/10.1007/s13157-010-0139-2
https://doi.org/10.1038/s41467-018-08129-w
https://doi.org/10.1080/00288330.2011.593529
https://doi.org/10.1002/ecs2.3664


68  

Forster, M. E. (2011). The dynamics of hapū research relationships. AlterNative: An 

International Journal of Indigenous Peoples, 7(2), 133-143. 

https://doi.org/10.1080/1177083X.2011.620972 

French, J. (2019). Chapter 14 - Tidal salt marshes: Sedimentology and geomorphology. 

G.M.E. Perillo, E. Wolanski, D.R. Cahoon, C.S. Hopkinson (Eds.), Coastal 

Wetlands: An Integrated Ecosystem Approach (second ed.), Elsevier (2019), pp. 479-

517. https://doi.org/10.1016/B978-0-444-63893-9.00014-9 

Gerbeaux, P., & Hume, T. M. (2022). What constitutes a wetland in the New Zealand Coastal 

Marine Area? – a scientific perspective. New Zealand Journal of Marine and 

Freshwater Research, 56(3), 333-339. 

https://doi.org/10.1080/00288330.2022.2085309 

Gladstone-Gallagher, R. V., Pilditch, C. A., Stephenson, F., & Thrush, S. F. (2019). Linking 

traits across ecological scales determines functional resilience. Trends in Ecology & 

Evolution, 34(12), 1080-1091. https://doi.org/10.1016/j.tree.2019.07.010 

Gleick, P. H. (2003). Global freshwater resources: Soft-path solutions for the 21st century. 

Science, 302(5650), 1524-1528. https://doi.org/10.1126/science.1089967 

Glud, R. N. (2008). Oxygen dynamics of marine sediments. Marine Biology Research, 4(4), 

243-289. https://doi.org/10.1080/17451000801888726 

Gray, J. S. (2002). Species richness of marine soft sediments. Marine Ecology Progress 

Series, 244, 285-297. https://doi.org/10.3354/meps244285 

Gregory, R., Failing, L., Harstone, M., Long, G., McDaniels, T., & Ohlson, D. (2012). 

Structured decision making: A practical guide to environmental management choices 

(1. Aufl.). Wiley-Blackwell. https://doi.org/10.1002/9781444398557 

Gulliver, A., Carnell, P. E., Trevathan-Tackett, S. M., Duarte de Paula Costa, M., Masqué, P., 

& Macreadie, P. I. (2020). Estimating the potential blue carbon gains from tidal 

marsh rehabilitation: A case study from South Eastern Australia. Frontiers in Marine 

Science, 7, 403. https://doi.org/10.3389/fmars.2020.00403 

Haacks, M., & Thannheiser, D. (2003). The salt-marsh vegetation of New Zealand. 

Phytocoenologia, 33(2/3) 267-288. https://doi.org/10.1127/0340-269X/2003/0033-

0267 

Halpin, P. N. (1997). Global climate change and natural-area protection: Management 

responses and research directions. Conservation Biology, 11(4), 828-832. 

https://doi.org/10.1890/1051-0761(1997)007[0828:GCCANA]2.0.CO;2 

Harmsworth, G. R. (Te Arawa, Ngāti Tūwharetoa, Ngāti Raukawa), & Awatere, S. (Ngāti 

Porou). Indigenous Māori knowledge and perspectives of ecosystems. New Zealand 

Journal of Ecology, 37(2), 274-286. 

http://www.mwpress.co.nz/__data/assets/pdf_file/0007/77047/2_1_Harmsworth.pdf 

Harwell, M. A., Gentile, J. H., McKinney, L. D., Tunnell Jr, J. W., Dennison, W. C., Kelsey, 

R. H., Stanzel, K. M., Stunz, G. W., Withers, K., & Tunnell, J. (2019). Conceptual 

framework for assessing ecosystem health. Integrated Environmental Assessment and 

Management, 15(4), 544-564. https://doi.org/10.1002/ieam.4152 

https://doi.org/10.1080/1177083X.2011.620972
https://doi.org/10.1016/B978-0-444-63893-9.00014-9
https://doi.org/10.1080/00288330.2022.2085309
https://doi.org/10.1016/j.tree.2019.07.010
https://doi.org/10.1126/science.1089967
https://doi.org/10.1080/17451000801888726
https://doi.org/10.3354/meps244285
https://doi.org/10.1002/9781444398557
https://doi.org/10.3389/fmars.2020.00403
https://doi.org/10.1127/0340-269X/2003/0033-0267
https://doi.org/10.1127/0340-269X/2003/0033-0267
https://doi.org/10.1890/1051-0761(1997)007%5b0828:GCCANA%5d2.0.CO;2
http://www.mwpress.co.nz/__data/assets/pdf_file/0007/77047/2_1_Harmsworth.pdf
https://doi.org/10.1002/ieam.4152


69  

Hayes, S. (1998). Defining kaitiakitanga and the Resource Management Act 1991. Te Mata 

Koi: Auckland University Law Review, 8(3), 893–899. 

https://search.informit.org/doi/10.3316/agis_archive.19985394 

Hendriks, C. M. A., Gubbay, S., Arets, E. J. M. M., & Janssen, J. A. M. (2020). Carbon 

storage in European ecosystems: A quick scan for terrestrial and marine EUNIS 

habitat types. Wageningen Environmental Research. https://edepot.wur.nl/590655 

Hewitt, J. E., & Thrush, S. F. (2010). Empirical evidence of an approaching alternate state 

produced by intrinsic community dynamics, climatic variability and management 

actions. Marine Ecology Progress Series, 413, 267-276. 

https://doi.org/10.3354/meps08626 

Hikuroa, D. (2016). Mātauranga Māori—the ūkaipō of knowledge in New Zealand. Journal 

of the Royal Society of New Zealand, 46(1), 5-10. 

https://doi.org/10.1080/03036758.2016.1252407 

Hobbie, S. E., Finlay, J. C., Janke, B. D., & Baker, L. A. (2017). Contrasting nitrogen and 

phosphorus budgets in urban watersheds and implications for managing urban water 

pollution. Proceedings of the National Academy of Sciences, 114(16), 4177-4182. 

https://doi.org/10.1073/pnas.1618536114 

Hobbs, R. J., Arico, S., Aronson, J., Baron, J. S., Bridgewater, P., Cramer, V. A., Epstein, P. 

R., Ewel, J. J., Klink, C. A., Lugo, A. E., Norton, D., Ojima, D., Richardson, D. M., 

Sanderson, E. W., Valladares, F., Vila, M., Zamora, R., & Zobel, M. (2006). Novel 

ecosystems: Theoretical and management aspects of the new ecological world order. 

Global Ecology and Biogeography, 15(1), 1-7. https://doi.org/10.1111/j.1466-

822X.2006.00212.x 

Hope, J. A., Paterson, D. M., & Thrush, S. F. (2019). The role of microphytobenthos in soft-

sediment ecological networks and their contribution to the delivery of multiple 

ecosystem services. Journal of Ecology, 108(3), 815-830. 

https://doi.org/10.1111/1365-2745.13322 

Howard, J., Hoyt, S., Isensee, K., Telszewski, M., & Pidgeon, E. (Eds.). (2014). Coastal blue 

carbon: Methods for assessing carbon stocks and emissions factors in mangroves, 

tidal salt marshes, and seagrasses (180p.). Arlington, VA, USA: Conservation 

International, Intergovernmental Oceanographic Commission of UNESCO, 

International Union for Conservation of Nature. https://www.cifor-

icraf.org/knowledge/publication/5095/ 

Howard, R. J., Day, R. H., Krauss, K. W., From, A. S., Allain, L., & Cormier, N. (2017). 

Hydrologic restoration in a dynamic subtropical mangrove-to-marsh ecotone. 

Restoration Ecology, 25(3), 471-482. https://doi.org/10.1111/rec.12452 

Howarth, R. W., & Hobbie, J. E. (1982). The regulation of decomposition and heterotrophic 

microbial activity in salt marsh soils: A review. In Estuarine Comparisons: 

Proceedings of the Sixth Biennial International Estuarine Research Conference, 

Gleneden Beach, Oregon, November 1–6, 1981 (pp. 183-207). 

https://doi.org/10.1016/B978-0-12-404070-0.50017-X 

 

https://search.informit.org/doi/10.3316/agis_archive.19985394
https://edepot.wur.nl/590655
https://doi.org/10.3354/meps08626
https://doi.org/10.1080/03036758.2016.1252407
https://doi.org/10.1073/pnas.1618536114
https://doi.org/10.1111/j.1466-822X.2006.00212.x
https://doi.org/10.1111/j.1466-822X.2006.00212.x
https://doi.org/10.1111/1365-2745.13322
https://www.cifor-icraf.org/knowledge/publication/5095/
https://www.cifor-icraf.org/knowledge/publication/5095/
https://doi.org/10.1111/rec.12452
https://doi.org/10.1016/B978-0-12-404070-0.50017-X


70  

Hume, T., Gerbeaux, P., Hart, D. E., Kettles, H., & Neale, D. (2016). A classification of New 

Zealand's coastal hydrosystems. National Institute of Water & Atmospheric Research 

Ltd. https://environment.govt.nz/assets/Publications/Files/a-classification-of-nz-

coastal-hydrosystems.pdf 

Hurst, J. M., & Allen, R. B. (2007). The Recce method for describing New Zealand 

vegetation-field protocols. Landcare Research Manaaki Whenua. 

https://nvs.landcareresearch.co.nz/Content/Recce_ExpandedManual_v5.pdf 

Jansen, H., & Bogaart, L. van den. (2020). Blue carbon by marine bivalves: Perspective of 

carbon sequestration by cultured and wild bivalve stocks in the Dutch coastal areas 

(Report C116/20). Yerseke: Wageningen Marine Research. 

https://library.wur.nl/WebQuery/wurpubs/578512 

Quinn, J. M., Cooper, A. B., Davies-Colley, R. J., Rutherford, J. C., & Williamson, R. B. 

(1997). Land use effects on habitat, water quality, periphyton, and benthic 

invertebrates in Waikato, New Zealand, hill-country streams. New Zealand Journal of 

Marine and Freshwater Research, 31(5), 579-597. 

https://doi.org/10.1080/00288330.1997.9516791 

Johnson, P. N., & Brooke, P. A. (1989). Wetland plants in New Zealand. Wellington: DSIR 

Publishing. 

https://bts.nzpcn.org.nz/site/assets/files/24196/1990_bso_newsletter_volume_12_4-

5.pdf 

Jones, M. B., Marsden, I. D., & Holdaway, R. N. (2005). Life in the Estuary: Illustrated 

guide and ecology. Canterbury University Press. 

Kabisch, N., Korn, H., Stadler, J., & Bonn, A. (2017). Nature-based solutions to climate 

change adaptation in urban areas: Linkages between science, policy and practice. 

Springer Nature. 

https://library.oapen.org/bitstream/handle/20.500.12657/27761/1/1002244.pdf 

Kadiri, M., Spencer, K. L., Heppell, C. M., & et al. (2011). Sediment characteristics of a 

restored saltmarsh and mudflat in a managed realignment scheme in Southeast 

England. Hydrobiologia, 672, 79–89. https://doi.org/10.1007/s10750-011-0755-8 

Karlson, A. M. L., Pilditch, C. A., Probert, P. K., Leduc, D., & Savage, C. (2021). Large 

infaunal bivalves determine community uptake of macroalgal detritus and food web 

pathways. Ecosystems, 24(4), 384–402. https://doi.org/10.1007/s10021-020-00524-5 

Kawharu, M. (2000). Kaitiakitanga: A Māori anthropological perspective of the Māori socio-

environmental ethic of resource management. The Journal of the Polynesian Society, 

109(4), 349-370. https://www.jstor.org/stable/20706951 

Keller, J. K., Takagi, K. K., Brown, M. E., Stump, K. N., Takahashi, C. G., Joo, W., Roy, K. 

(2012). Soil organic carbon storage in restored salt marshes in Huntington Beach, 

California. Bulletin of the Southern California Academy of Sciences, 111(2), 153–

161. https://doi.org/10.3160/0038-3872-111.2.153 

Kelleway, J. J., Saintilan, N., Macreadie, P. I., & Ralph, P. J. (2016). Sedimentary factors are 

key predictors of carbon storage in SE Australian saltmarshes. Ecosystems, 19(4), 

https://environment.govt.nz/assets/Publications/Files/a-classification-of-nz-coastal-hydrosystems.pdf
https://environment.govt.nz/assets/Publications/Files/a-classification-of-nz-coastal-hydrosystems.pdf
https://nvs.landcareresearch.co.nz/Content/Recce_ExpandedManual_v5.pdf
https://library.wur.nl/WebQuery/wurpubs/578512
https://doi.org/10.1080/00288330.1997.9516791
https://bts.nzpcn.org.nz/site/assets/files/24196/1990_bso_newsletter_volume_12_4-5.pdf
https://bts.nzpcn.org.nz/site/assets/files/24196/1990_bso_newsletter_volume_12_4-5.pdf
https://library.oapen.org/bitstream/handle/20.500.12657/27761/1/1002244.pdf
https://doi.org/10.1007/s10750-011-0755-8
https://doi.org/10.1007/s10021-020-00524-5
https://www.jstor.org/stable/20706951
https://doi.org/10.3160/0038-3872-111.2.153


71  

865–880. https://doi.org/10.1007/s10021-016-9972-3 

King, W. M., Wilson, J. B., & Sykes, M. T. (1990). A vegetation zonation from saltmarsh to 

riverbank in New Zealand. Journal of Vegetation Science, 1(3), 411-418. 

https://doi.org/10.2307/3235718 

Kirwan, M. L., Guntenspergen, G. R., D'Alpaos, A., Morris, J. T., Mudd, S. M., & 

Temmerman, S. (2010). Limits on the adaptability of coastal marshes to rising sea 

level. Geophysical Research Letters, 37(23). https://doi.org/10.1029/2010GL045489 

Komada, T., Bravo, A., Brinkmann, M.-T., Lu, K., Wong, L., & Shields, G. (2022). “Slow” 

and “fast” in blue carbon: Differential turnover of allochthonous and autochthonous 

organic matter in minerogenic salt marsh sediments. Limnology and Oceanography, 

67(2), 133-147. https://doi.org/10.1002/lno.12090 

Koppenaal, E. C., Esselink, P., van Duin, W. E., & Bakker, J. P. (2022). Temporal and 

spatial accretion patterns and the impact of livestock grazing in a restored coastal salt 

marsh. Estuaries and Coasts, 45(4), 510–522. https://doi.org/10.1007/s12237-021-

00963-w 

Lackey, R. T. (1998). Seven pillars of ecosystem management. Landscape and Urban 

Planning, 40(1–3), 21–30. https://doi.org/10.1016/S0169-2046(97)00095-9 

Landres, P. B., Morgan, P., & Swanson, F. J. (1999). Overview of the use of natural 

variability concepts in managing ecological systems. Ecological Applications, 9(4), 

1179–1188. https://doi.org/10.1890/1051-0761(1999)009[1179:OOTUON]2.0.CO;2 

 

Lawrence, P. J., Smith, G. R., Sullivan, M. J. P., & Mossman, H. L. (2018). Restored 

saltmarshes lack the topographic diversity found in natural habitat. Ecological 

Engineering, 115, 58–66. https://doi.org/10.1016/j.ecoleng.2018.02.007 

Levin, L. A., Boesch, D. F., Covich, A., Dahm, C., Erséus, C., Ewel, K. C., Kneib, R. T., 

Moldenke, A., Palmer, M. A., Snelgrove, P., Strayer, D., & Weslawski, J. M. (2001). 

The function of marine critical transition zones and the importance of sediment 

biodiversity. Ecosystems, 4, 430–451. https://doi.org/10.1007/s10021-001-0021-4 

Liu, N., & Nan, H. (2018). Carbon stocks of three secondary coniferous forests along an 

altitudinal gradient on Loess Plateau in inland China. PLOS ONE, 13(5), e0196927. 

https://doi.org/10.1371/journal.pone.0196927 

Loder, A. L. (2017). Wetland senescence and productivity trends in the Cumberland Marsh 

region, Atlantic Canada (Master's thesis). Acadia University. 

https://scholar.acadiau.ca/islandora/object/theses:1598/datastream/PDF/file.pdf 

Lohrer, A. M., Hewitt, J. E., Hailes, S. F., Thrush, S. F., Ahrens, M., & Halliday, J. (2011). 

Contamination on sandflats and the decoupling of linked ecological functions. Austral 

Ecology, 36(4), 378-388. https://doi.org/10.1111/j.1442-9993.2010.02148.x 

Lohrer, A. M., Thrush, S. F., & Gibbs, M. M. (2004). Bioturbators enhance ecosystem 

function through complex biogeochemical interactions. Nature, 431, 1092–1095. 

https://doi.org/10.1038/nature03042 

https://doi.org/10.1007/s10021-016-9972-3
https://doi.org/10.2307/3235718
https://doi.org/10.1029/2010GL045489
https://doi.org/10.1002/lno.12090
https://doi.org/10.1007/s12237-021-00963-w
https://doi.org/10.1007/s12237-021-00963-w
https://doi.org/10.1016/S0169-2046(97)00095-9
https://doi.org/10.1890/1051-0761(1999)009%5b1179:OOTUON%5d2.0.CO;2
https://doi.org/10.1016/j.ecoleng.2018.02.007
https://doi.org/10.1007/s10021-001-0021-4
https://doi.org/10.1371/journal.pone.0196927
https://scholar.acadiau.ca/islandora/object/theses:1598/datastream/PDF/file.pdf
https://doi.org/10.1111/j.1442-9993.2010.02148.x
https://doi.org/10.1038/nature03042


72  

Iorns Magallanes, C. J. (2018). Improving the Global Environmental Rule of Law by 

Upholding Indigenous Rights: Examples from Aotearoa New Zealand. Global 

Journal of Comparative Law, 7(1), 61–90. https://doi.org/10.1163/2211906X-

00701004 

McCaffrey, C., & Phillips, K. (2022). Final Archaeological Report: Kaituna River re-

diversion and Te Awa O Ngatoroirangi / Maketu Estuary Enhancement Project. 

Tauranga: Heritage New Zealand Pouhere Taonga. 

https://www.lowerkaituna.co.nz/wp-content/uploads/2022/08/2022-06-08-Final-

Archaeological-Report-Kaituna-River-Re-Diversion-HNZPT-Authority-Number-

2018-331-June-2022.pdf 

McLeod, E., Chmura, G. L., Bouillon, S., Salm, R., Björk, M., Duarte, C. M., Lovelock, C. 

E., Schlesinger, W. H., & Silliman, B. R. (2011). A blueprint for blue carbon: toward 

an improved understanding of the role of vegetated coastal habitats in sequestering 

CO2. Frontiers in Ecology and the Environment, 9(10), 552-560. 

https://doi.org/10.1890/110004 

McMahon, L., Ladd, C. J., Burden, A., Garrett, E., Redeker, K. R., Lawrence, P., & Gehrels, 

R. (2023). Maximizing blue carbon stocks through saltmarsh restoration. Frontiers in 

Marine Science, 10, 1-16. https://doi.org/10.3389/fmars.2023.1106607 

Millar, C. I., & Woolfenden, W. B. (1999). The role of climate change in interpreting 

historical variability. Ecological Applications, 9(4), 1207–1216. 

https://doi.org/10.1890/1051-0761(1999)009[1207:TROCCI]2.0.CO;2 

Millar, C. I., Stephenson, N. L., & Stephens, S. L. (2007). Climate change and forests of the 

future: Managing in the face of uncertainty. Ecological Applications, 17(8), 2145–

2151. https://doi.org/10.1890/06-1715.1 

Ministry for the Environment. (2021, April). Why biodiversity matters. Ministry for the 

Environment: https://environment.govt.nz/facts-and-science/biodiversity/why-

biodiversity-matters/e 

Mitsch, W. J. (1992). Landscape design and the role of created, restored, and natural riparian 

wetlands in controlling nonpoint source pollution. Ecological Engineering, 1(1–2), 

27–47. https://doi.org/10.1016/0925-8574(92)90024-V 

Mitsch, W. J., & Gosselink, J. G. (2000). The value of wetlands: Importance of scale and 

landscape setting. Ecological Economics, 35(1), 25–33. 

https://doi.org/10.1016/S0921-8009(00)00165-8 

Mitsch, W. J., Gosselink, J. G., Zhang, L., & Anderson, C. J. (2009). Wetland ecosystems. 

John Wiley & Sons. 

https://books.google.co.nz/books?hl=en&lr=&id=s0qAkixjuggC&oi=fnd&pg=PR5&

dq=Mitsch,+W.,+%26+Gosselink,+J.+(2007).+Wetlands+(fourth+edition).+New+Yo

rk:+John+Wiley+%26+Sons.&ots=Zfym-

qDJgJ&sig=EcfToza5nZoEfBMPUqqkI0NpZoA&redir_esc=y#v=onepage&q&f=fals

e 

Morris, J. T., Sundareshwar, P. V., Nietch, C. T., Kjerfve, B., & Cahoon, D. R. (2002). 

Responses of coastal wetlands to rising sea level. Ecology, 83(10), 2869–2877. 

https://doi.org/10.1163/2211906X-00701004
https://doi.org/10.1163/2211906X-00701004
https://www.lowerkaituna.co.nz/wp-content/uploads/2022/08/2022-06-08-Final-Archaeological-Report-Kaituna-River-Re-Diversion-HNZPT-Authority-Number-2018-331-June-2022.pdf
https://www.lowerkaituna.co.nz/wp-content/uploads/2022/08/2022-06-08-Final-Archaeological-Report-Kaituna-River-Re-Diversion-HNZPT-Authority-Number-2018-331-June-2022.pdf
https://www.lowerkaituna.co.nz/wp-content/uploads/2022/08/2022-06-08-Final-Archaeological-Report-Kaituna-River-Re-Diversion-HNZPT-Authority-Number-2018-331-June-2022.pdf
https://doi.org/10.1890/110004
https://doi.org/10.3389/fmars.2023.1106607
https://doi.org/10.1890/1051-0761(1999)009%5b1207:TROCCI%5d2.0.CO;2
https://doi.org/10.1890/06-1715.1
https://environment.govt.nz/facts-and-science/biodiversity/why-biodiversity-matters/e
https://environment.govt.nz/facts-and-science/biodiversity/why-biodiversity-matters/e
https://doi.org/10.1016/0925-8574(92)90024-V
https://doi.org/10.1016/S0921-8009(00)00165-8
https://books.google.co.nz/books?hl=en&lr=&id=s0qAkixjuggC&oi=fnd&pg=PR5&dq=Mitsch,+W.,+%26+Gosselink,+J.+(2007).+Wetlands+(fourth+edition).+New+York:+John+Wiley+%26+Sons.&ots=Zfym-qDJgJ&sig=EcfToza5nZoEfBMPUqqkI0NpZoA&redir_esc=y#v=onepage&q&f=false
https://books.google.co.nz/books?hl=en&lr=&id=s0qAkixjuggC&oi=fnd&pg=PR5&dq=Mitsch,+W.,+%26+Gosselink,+J.+(2007).+Wetlands+(fourth+edition).+New+York:+John+Wiley+%26+Sons.&ots=Zfym-qDJgJ&sig=EcfToza5nZoEfBMPUqqkI0NpZoA&redir_esc=y#v=onepage&q&f=false
https://books.google.co.nz/books?hl=en&lr=&id=s0qAkixjuggC&oi=fnd&pg=PR5&dq=Mitsch,+W.,+%26+Gosselink,+J.+(2007).+Wetlands+(fourth+edition).+New+York:+John+Wiley+%26+Sons.&ots=Zfym-qDJgJ&sig=EcfToza5nZoEfBMPUqqkI0NpZoA&redir_esc=y#v=onepage&q&f=false
https://books.google.co.nz/books?hl=en&lr=&id=s0qAkixjuggC&oi=fnd&pg=PR5&dq=Mitsch,+W.,+%26+Gosselink,+J.+(2007).+Wetlands+(fourth+edition).+New+York:+John+Wiley+%26+Sons.&ots=Zfym-qDJgJ&sig=EcfToza5nZoEfBMPUqqkI0NpZoA&redir_esc=y#v=onepage&q&f=false
https://books.google.co.nz/books?hl=en&lr=&id=s0qAkixjuggC&oi=fnd&pg=PR5&dq=Mitsch,+W.,+%26+Gosselink,+J.+(2007).+Wetlands+(fourth+edition).+New+York:+John+Wiley+%26+Sons.&ots=Zfym-qDJgJ&sig=EcfToza5nZoEfBMPUqqkI0NpZoA&redir_esc=y#v=onepage&q&f=false


73  

https://doi.org/10.1890/0012-9658(2002)083[2869:ROCWTR]2.0.CO;2 

National Aeronautics and Space Administration. (2023, February 14). Global Climate 

Change - Vital Signs of the Planet. Climate NASA. 

https://climate.nasa.gov/climate_resources/24/graphic-the-relentless-rise-of-carbon-

dioxide/ 

Ministry for the Environment. (2024, January). National Policy Statement for Freshwater 

Management 2020 (Amended January 2024). 

https://environment.govt.nz/publications/national-policy-statement-for-freshwater-

management-2020-amended-january-

2024/#:~:text=The%20National%20Policy%20Statement%20for,Management%2020

14%20(amended%202017). 

Ministry for the Environment. (2019). New Zealand's Greenhouse Gas Inventory 1990–2017: 

Fulfilling reporting requirements under the United Nations Framework Convention 

on Climate Change and the Kyoto Protocol. 

https://environment.govt.nz/assets/Publications/Files/nz-greenhouse-gas-inventory-

2019.pdf 

Ministry for the Environment. (2019). Climate Change Response (Zero Carbon) Amendment 

Bill: Summary. Wellington: Ministry for the Environment. 

https://environment.govt.nz/assets/Publications/Files/climate-change-response-zero-

carbon-amendment-bill-summary.pdf 

Noll, A., Mobilian, C., & Craft, C. (2019). Five Decades of Wetland Soil Development of a 

Constructed Tidal Salt Marsh, North Carolina, USA. Ecological Restoration, 37(3), 

163-170. https://doi.org/10.3368/er.37.3.163 

USDA Natural Resources Conservation Service. (2008). Soil quality indicators. 

https://www.nrcs.usda.gov/sites/default/files/2022-

10/indicator_sheet_guide_sheet.pdf 

O'Brien, A.L., Dafforn, K.A., Chariton, A.A., Johnston, E.L., & Mayer-Pinto, M. (2019). 

After decades of stressor research in urban estuarine ecosystems the focus is still on 

single stressors: A systematic literature review and meta-analysis. Science of The 

Total Environment, 684, 753-764. https://doi.org/10.1016/j.scitotenv.2019.02.131 

Ogden, J. (1983). The Scientific Reserves of Auckland University. Quantitative Vegetation 

Studies. Tane, 29. https://www.researchgate.net/profile/John-Ogden-

2/publication/266465204_The_Scientific_Reserves_of_Auckland_University_II_Qua

ntitative_vegetation_studies/links/54f41ce60cf299c8d9e62038/The-Scientific-

Reserves-of-Auckland-University-II-Quantitative-vegetation-studies.pdf 

O'Meara, T., Gibbs, E., & Thrush, S. F. (2017). Rapid organic matter assay of organic matter 

degradation across depth gradients within marine sediments. Methods in Ecology and 

Evolution, 9(2), 245-253. https://doi.org/10.1111/2041-210X.12894 

Ouyang, X., & Lee, S. Y. (2013). Carbon accumulation rates in salt marsh sediments suggest 

high carbon storage capacity. Biogeosciences Discussions, 10, 19155–19188. 

http://doi.org/10.5194/bgd-10-19155-2013 

https://doi.org/10.1890/0012-9658(2002)083%5b2869:ROCWTR%5d2.0.CO;2
https://climate.nasa.gov/climate_resources/24/graphic-the-relentless-rise-of-carbon-dioxide/
https://climate.nasa.gov/climate_resources/24/graphic-the-relentless-rise-of-carbon-dioxide/
https://environment.govt.nz/publications/national-policy-statement-for-freshwater-management-2020-amended-january-2024/#:~:text=The%20National%20Policy%20Statement%20for,Management%202014%20(amended%202017)
https://environment.govt.nz/publications/national-policy-statement-for-freshwater-management-2020-amended-january-2024/#:~:text=The%20National%20Policy%20Statement%20for,Management%202014%20(amended%202017)
https://environment.govt.nz/publications/national-policy-statement-for-freshwater-management-2020-amended-january-2024/#:~:text=The%20National%20Policy%20Statement%20for,Management%202014%20(amended%202017)
https://environment.govt.nz/publications/national-policy-statement-for-freshwater-management-2020-amended-january-2024/#:~:text=The%20National%20Policy%20Statement%20for,Management%202014%20(amended%202017)
https://environment.govt.nz/assets/Publications/Files/nz-greenhouse-gas-inventory-2019.pdf
https://environment.govt.nz/assets/Publications/Files/nz-greenhouse-gas-inventory-2019.pdf
https://environment.govt.nz/assets/Publications/Files/climate-change-response-zero-carbon-amendment-bill-summary.pdf
https://environment.govt.nz/assets/Publications/Files/climate-change-response-zero-carbon-amendment-bill-summary.pdf
https://doi.org/10.3368/er.37.3.163
https://www.nrcs.usda.gov/sites/default/files/2022-10/indicator_sheet_guide_sheet.pdf
https://www.nrcs.usda.gov/sites/default/files/2022-10/indicator_sheet_guide_sheet.pdf
https://doi.org/10.1016/j.scitotenv.2019.02.131
https://www.researchgate.net/profile/John-Ogden-2/publication/266465204_The_Scientific_Reserves_of_Auckland_University_II_Quantitative_vegetation_studies/links/54f41ce60cf299c8d9e62038/The-Scientific-Reserves-of-Auckland-University-II-Quantitative-vegetation-studies.pdf
https://www.researchgate.net/profile/John-Ogden-2/publication/266465204_The_Scientific_Reserves_of_Auckland_University_II_Quantitative_vegetation_studies/links/54f41ce60cf299c8d9e62038/The-Scientific-Reserves-of-Auckland-University-II-Quantitative-vegetation-studies.pdf
https://www.researchgate.net/profile/John-Ogden-2/publication/266465204_The_Scientific_Reserves_of_Auckland_University_II_Quantitative_vegetation_studies/links/54f41ce60cf299c8d9e62038/The-Scientific-Reserves-of-Auckland-University-II-Quantitative-vegetation-studies.pdf
https://www.researchgate.net/profile/John-Ogden-2/publication/266465204_The_Scientific_Reserves_of_Auckland_University_II_Quantitative_vegetation_studies/links/54f41ce60cf299c8d9e62038/The-Scientific-Reserves-of-Auckland-University-II-Quantitative-vegetation-studies.pdf
https://doi.org/10.1111/2041-210X.12894
http://doi.org/10.5194/bgd-10-19155-2013


74  

Quinn, J. M., & Stroud, M. J. (2002). Water quality and sediment and nutrient export from 

New Zealand hill‐land catchments of contrasting land use. New Zealand Journal of 

Marine and Freshwater Research, 36(2), 409-429. 

https://doi.org/10.1080/00288330.2002.9517097 

Radabaugh, K. R., Moyer, R. P., Chappel, A. R., Powell, C. E., Bociu, I., Clark, B. C., & 

Smoak, J. M. (2018). Coastal blue carbon assessment of mangroves, salt marshes, and 

salt barrens in Tampa Bay, Florida, USA. Estuaries and Coasts, 41, 1496–1510. 

https://doi.org/10.1007/s12237-017-0362-7 

Ramsar. (2016). Wetland issues in Integrated Coastal Zone Management (5th ed.). 

https://www.ramsar.org/sites/default/files/hb2_5ed_strategic_plan_2016_24_e.pdf 

Rodriguez, W., August, P. V., Wang, Y., Paul, J. F., Gold, A., & Rubinstein, N. (2007). 

Empirical relationships between land use/cover and estuarine condition in the 

Northeastern United States. Landscape Ecology, 22, 403–417. 

https://doi.org/10.1007/s10980-006-9036-8 

Rogers, K., Macreadie, P. I., Kelleway, J. J., & Saintilan, N. (2019). Blue carbon in coastal 

landscapes: a spatial framework for assessment of stocks and additionality. 

Sustainability Science, 14, 453–467. https://doi.org/10.1007/s11625-018-0575-0 

Ross, J. A., & Zepeda, L. (2011). Wetland restoration, environmental justice, and food 

security in the Lower 9th Ward. Environmental Justice, 4(2). 

https://doi.org/10.1089/env.2010.0008 

Saintilan, N., Rogers, K., Mazumder, D., & Woodroffe, C. (2013). Allochthonous and 

autochthonous contributions to carbon accumulation and carbon store in southeastern 

Australian coastal wetlands. Estuarine, Coastal and Shelf Science, 128, 84-92. 

https://doi.org/10.1016/j.ecss.2013.05.010 

Santini, N. S., Lovelock, C. E., Hua, Q., Zawadzki, A., Mazumder, D., Mercer, T. R., 

Muñoz-Rojas, M., Hardwick, S. A., Madala, B. S., Cornwell, W., Thomas, T., 

Marzinelli, E. M., Adam, P., Paul, S., & Vergés, A. (2019). Natural and regenerated 

saltmarshes exhibit similar soil and belowground organic carbon stocks, root 

production and soil respiration. Ecosystems, 22, 1803–1822. 

https://doi.org/10.1007/s10021-019-00373-x 

Schenone, S. (2020). Interspecific interactions and spatial heterogeneity: using key species 

to up-scale and map ecosystem functioning. http://hdl.handle.net/2292/53286. 

Synergetic Press. (2014). The Anthropocene: A New Planet Shaped by Humans.  

https://synergeticpress.com/catalog/the-anthropocene-a-new-planet-shaped-by-

humans/ 

Severinsen, G. (2019). Reform of the resource management system: A model for the future. 

(Synthesis report). Environmental Defence Society Incorporated. 

https://www.eds.org.nz/publications/reform-of-the-resource-management-system-a-

model-for-the-future/ 

Soil Health Coalition. (2023). Bulk Density. https://www.sdsoilhealthcoalition.org/technical-

resources/physical-properties/bulk-density/ 

https://doi.org/10.1080/00288330.2002.9517097
https://doi.org/10.1007/s12237-017-0362-7
https://www.ramsar.org/sites/default/files/hb2_5ed_strategic_plan_2016_24_e.pdf
https://doi.org/10.1007/s10980-006-9036-8
https://doi.org/10.1007/s11625-018-0575-0
https://doi.org/10.1089/env.2010.0008
https://doi.org/10.1016/j.ecss.2013.05.010
https://doi.org/10.1007/s10021-019-00373-x
http://hdl.handle.net/2292/53286
https://synergeticpress.com/catalog/the-anthropocene-a-new-planet-shaped-by-humans/
https://synergeticpress.com/catalog/the-anthropocene-a-new-planet-shaped-by-humans/
https://www.eds.org.nz/publications/reform-of-the-resource-management-system-a-model-for-the-future/
https://www.eds.org.nz/publications/reform-of-the-resource-management-system-a-model-for-the-future/
https://www.sdsoilhealthcoalition.org/technical-resources/physical-properties/bulk-density/
https://www.sdsoilhealthcoalition.org/technical-resources/physical-properties/bulk-density/


75  

Spencer, K. L., Carr, S. J., Diggens, L. M., Tempest, J. A., Morris, M. A., & Harvey, G. L. 

(2017). The impact of pre-restoration land-use and disturbance on sediment structure, 

hydrology and the sediment geochemical environment in restored saltmarshes. 

Science of The Total Environment, 587–588, 47-58. 

https://doi.org/10.1016/j.scitotenv.2016.11.032 

Stagg, C. L., & Mendelssohn, I. A. (2010). Restoring ecological function to a submerged salt 

marsh. Restoration Ecology, 18(1), 10-17. https://doi.org/10.1111/j.1526-

100X.2010.00718.x 

Staszak, L. A., & Armitage, A. R. (2013). Evaluating salt marsh restoration success with an 

index of ecosystem integrity. Journal of Coastal Research, 29(2), 410–418. 

https://doi.org/10.2112/JCOASTRES-D-12-00075.1 

Statistics New Zealand. (2021). Population. Retrieved October 2, 2021. 

https://www.stats.govt.nz/topics/population 

Strobl, K., Kollmann, J., & Teixeira, L. H. (2019). Integrated assessment of ecosystem 

recovery using a multifunctionality approach. Ecosphere, 10(11). 

https://doi.org/10.1002/ecs2.2930 

Tanner, C. C., Sukias, J. P. S., & Yates, C. R. (2010). New Zealand guidelines: Constructed 

Wetland Treatment of Tile Drainage (NIWA Information Series No. 75). National 

Institute of Water & Atmospheric Research Ltd. 

https://niwa.co.nz/sites/niwa.co.nz/files/import/attachments/NZCW-

guide4press_small.pdf 

Te Ara - the Encyclopedia of New Zealand (2017). Kaitiakitanga – guardianship and 

conservation. https://teara.govt.nz/en/kaitiakitanga-guardianship-and-

conservation/page-3 

Te Rūnanga o Ngāti Whakaue ki Maketū. (2014). Cultural impacts assessment - Kaituna 

River re-diversion. 

https://ref.coastalrestorationtrust.org.nz/site/assets/files/10970/ngati-whakaue-ki-

maketu-cultural-impact-assessment.pdf 

Thrush, S. F., Halliday, J., Hewitt, J. E., & Lohrer, A. M. (2008). The effects of habitat loss, 

fragmentation, and community homogenization on resilience in estuaries. Ecological 

Applications, 18(1), 12-21. https://doi.org/10.1890/07-0436.1 

Thrush, S. F., Hewitt, J. E., Gladstone-Gallagher, R. V., Savage, C., Lundquist, C., O’Meara, 

T., Vieillard, A., Hillman, J. R., & others. (2021). Cumulative stressors reduce the 

self-regulating capacity of coastal ecosystems. Ecological Applications, 31(1). 

https://doi.org/10.1002/eap.2223 

Tobias, C., & Neubauer, S. C. (2019). Salt marsh biogeochemistry—An overview. In J. T. 

Morris Jr., M. L. Stolt, & S. C. Neubauer (Eds.). Coastal Wetlands, 2, 539-596. 

https://doi.org/10.1016/B978-0-444-63893-9.00016-2 

United Nations, Department of Economic and Social Affairs, Population Division. (2022). 

World Population Prospects. https://population.un.org/wpp/ 

 

https://doi.org/10.1016/j.scitotenv.2016.11.032
https://doi.org/10.1111/j.1526-100X.2010.00718.x
https://doi.org/10.1111/j.1526-100X.2010.00718.x
https://doi.org/10.2112/JCOASTRES-D-12-00075.1
https://www.stats.govt.nz/topics/population
https://doi.org/10.1002/ecs2.2930
https://niwa.co.nz/sites/niwa.co.nz/files/import/attachments/NZCW-guide4press_small.pdf
https://niwa.co.nz/sites/niwa.co.nz/files/import/attachments/NZCW-guide4press_small.pdf
https://teara.govt.nz/en/kaitiakitanga-guardianship-and-conservation/page-3
https://teara.govt.nz/en/kaitiakitanga-guardianship-and-conservation/page-3
https://ref.coastalrestorationtrust.org.nz/site/assets/files/10970/ngati-whakaue-ki-maketu-cultural-impact-assessment.pdf
https://ref.coastalrestorationtrust.org.nz/site/assets/files/10970/ngati-whakaue-ki-maketu-cultural-impact-assessment.pdf
https://doi.org/10.1890/07-0436.1
https://doi.org/10.1002/eap.2223
https://doi.org/10.1016/B978-0-444-63893-9.00016-2
https://population.un.org/wpp/


76  

United States Department of Agriculture Natural Resources Conservation Service. (2008, 

June). Bulk density - college of agriculture, food, and natural resources. Natural 

Resources Conservation Service. Soil Quality Indicators: 

https://cafnr.missouri.edu/wp-content/uploads/2016/09/bulk-density.pdf 

United States Environmental Protection Agency (EPA). (2002). Methods for evaluating 

wetland condition: Introduction to Wetland Biological Assessment. Washington, DC. 

https://books.google.co.nz/books?hl=en&lr=&id=aYda_4Yn5-

sC&oi=fnd&pg=PR5&dq=EPA+.+(2002).+Methods+for+evaluating+wetland+condit

ion%3B+Introduction+to+Wetland+Biological+Assessment+.+Washington:+United+

States+Environmental+Protection+Agency+(EPA).&ots=xI0kW9tkL7&sig=v2nSZ23

ZPBcGkraYG3yjGFNrSQA&redir_esc=y#v=onepage&q=EPA%20.%20(2002).%20

Methods%20for%20evaluating%20wetland%20condition%3B%20Introduction%20to

%20Wetland%20Biological%20Assessment%20.%20Washington%3A%20United%2

0States%20Environmental%20Protection%20Agency%20(EPA).&f=false 

Van de Broek, M., Vandendriessche, C., Poppelmonde, D., Merckx, R., Temmerman, S., & 

Govers, G. (2018). Long-term organic carbon sequestration in tidal marsh sediments 

is dominated by old-aged allochthonous inputs in a macrotidal estuary. Global 

Change Biology, 24(6), 2498-2512. https://doi.org/10.1111/gcb.14089 

Verardo, D. J., Froelich, P. N., & McIntyre, A. (1990). Determination of organic carbon and 

nitrogen in marine sediments using the Carlo Erba NA-1500 analyzer. Deep Sea 

Research Part A. Oceanographic Research Papers, 37(1), 157-165. 

https://doi.org/10.1016/0198-0149(90)90034-S 

Wallace, K. J. (2007). Classification of ecosystem services: Problems and solutions. 

Biological Conservation, 139(3–4), 235-246. 

https://doi.org/10.1016/j.biocon.2007.07.015 

Warner, J. F. (2006). More sustainable participation? Multi-stakeholder platforms for 

integrated catchment management. International Journal of Water Resources 

Development, 22(1), 15-35. https://doi.org/10.1080/07900620500404992 

Warry, F. Y., Reich, P., Woodland, R. J., Thomson, J. R., Mac Nally, R., & Cook, P. L. M. 

(2016). Nitrogen stable isotope values of large-bodied consumers reflect urbanization 

of coastal catchments. Marine Ecology Progress Series, 542, 25-37. 

https://doi.org/10.3354/meps11543 

White, C., Collier, M. J., & Stout, J. C. (2021). Using ecosystem services to measure the 

degree to which a solution is nature-based. Ecosystem Services, 50, 101330. 

https://doi.org/10.1016/j.ecoser.2021.101330 

Wiebe, K. D., & Gollehon, N. R. (2007). Agricultural resources and environmental 

indicators. New York: Nova Science Publishers Inc.  

https://books.google.co.nz/books?hl=en&lr=&id=ExUus8hdv8sC&oi=fnd&pg=PP11

&dq=Wiebe,+K.+D.,+%26+Gollehon,+N.+R.+(2007).+Agricultural+resources+and+

environmental+indicators.+New+York:+Nova+Science+Publishers+Inc.&ots=5jKba

yuIoq&sig=g-cHnf6DSxq1c2-jr-SHGREhS9c&redir_esc=y#v=onepage&q&f=false 

Wiegert, R. G., Pomeroy, L. R., & Wiebe, W. J. (1981). Ecology of Salt Marshes: An 

Introduction. The Ecology of a Salt Marsh, 38, 3–19. https://doi.org/10.1007/978-1-

https://cafnr.missouri.edu/wp-content/uploads/2016/09/bulk-density.pdf
https://books.google.co.nz/books?hl=en&lr=&id=aYda_4Yn5-sC&oi=fnd&pg=PR5&dq=EPA+.+(2002).+Methods+for+evaluating+wetland+condition%3B+Introduction+to+Wetland+Biological+Assessment+.+Washington:+United+States+Environmental+Protection+Agency+(EPA).&ots=xI0kW9tkL7&sig=v2nSZ23ZPBcGkraYG3yjGFNrSQA&redir_esc=y#v=onepage&q=EPA%20.%20(2002).%20Methods%20for%20evaluating%20wetland%20condition%3B%20Introduction%20to%20Wetland%20Biological%20Assessment%20.%20Washington%3A%20United%20States%20Environmental%20Protection%20Agency%20(EPA).&f=false
https://books.google.co.nz/books?hl=en&lr=&id=aYda_4Yn5-sC&oi=fnd&pg=PR5&dq=EPA+.+(2002).+Methods+for+evaluating+wetland+condition%3B+Introduction+to+Wetland+Biological+Assessment+.+Washington:+United+States+Environmental+Protection+Agency+(EPA).&ots=xI0kW9tkL7&sig=v2nSZ23ZPBcGkraYG3yjGFNrSQA&redir_esc=y#v=onepage&q=EPA%20.%20(2002).%20Methods%20for%20evaluating%20wetland%20condition%3B%20Introduction%20to%20Wetland%20Biological%20Assessment%20.%20Washington%3A%20United%20States%20Environmental%20Protection%20Agency%20(EPA).&f=false
https://books.google.co.nz/books?hl=en&lr=&id=aYda_4Yn5-sC&oi=fnd&pg=PR5&dq=EPA+.+(2002).+Methods+for+evaluating+wetland+condition%3B+Introduction+to+Wetland+Biological+Assessment+.+Washington:+United+States+Environmental+Protection+Agency+(EPA).&ots=xI0kW9tkL7&sig=v2nSZ23ZPBcGkraYG3yjGFNrSQA&redir_esc=y#v=onepage&q=EPA%20.%20(2002).%20Methods%20for%20evaluating%20wetland%20condition%3B%20Introduction%20to%20Wetland%20Biological%20Assessment%20.%20Washington%3A%20United%20States%20Environmental%20Protection%20Agency%20(EPA).&f=false
https://books.google.co.nz/books?hl=en&lr=&id=aYda_4Yn5-sC&oi=fnd&pg=PR5&dq=EPA+.+(2002).+Methods+for+evaluating+wetland+condition%3B+Introduction+to+Wetland+Biological+Assessment+.+Washington:+United+States+Environmental+Protection+Agency+(EPA).&ots=xI0kW9tkL7&sig=v2nSZ23ZPBcGkraYG3yjGFNrSQA&redir_esc=y#v=onepage&q=EPA%20.%20(2002).%20Methods%20for%20evaluating%20wetland%20condition%3B%20Introduction%20to%20Wetland%20Biological%20Assessment%20.%20Washington%3A%20United%20States%20Environmental%20Protection%20Agency%20(EPA).&f=false
https://books.google.co.nz/books?hl=en&lr=&id=aYda_4Yn5-sC&oi=fnd&pg=PR5&dq=EPA+.+(2002).+Methods+for+evaluating+wetland+condition%3B+Introduction+to+Wetland+Biological+Assessment+.+Washington:+United+States+Environmental+Protection+Agency+(EPA).&ots=xI0kW9tkL7&sig=v2nSZ23ZPBcGkraYG3yjGFNrSQA&redir_esc=y#v=onepage&q=EPA%20.%20(2002).%20Methods%20for%20evaluating%20wetland%20condition%3B%20Introduction%20to%20Wetland%20Biological%20Assessment%20.%20Washington%3A%20United%20States%20Environmental%20Protection%20Agency%20(EPA).&f=false
https://books.google.co.nz/books?hl=en&lr=&id=aYda_4Yn5-sC&oi=fnd&pg=PR5&dq=EPA+.+(2002).+Methods+for+evaluating+wetland+condition%3B+Introduction+to+Wetland+Biological+Assessment+.+Washington:+United+States+Environmental+Protection+Agency+(EPA).&ots=xI0kW9tkL7&sig=v2nSZ23ZPBcGkraYG3yjGFNrSQA&redir_esc=y#v=onepage&q=EPA%20.%20(2002).%20Methods%20for%20evaluating%20wetland%20condition%3B%20Introduction%20to%20Wetland%20Biological%20Assessment%20.%20Washington%3A%20United%20States%20Environmental%20Protection%20Agency%20(EPA).&f=false
https://books.google.co.nz/books?hl=en&lr=&id=aYda_4Yn5-sC&oi=fnd&pg=PR5&dq=EPA+.+(2002).+Methods+for+evaluating+wetland+condition%3B+Introduction+to+Wetland+Biological+Assessment+.+Washington:+United+States+Environmental+Protection+Agency+(EPA).&ots=xI0kW9tkL7&sig=v2nSZ23ZPBcGkraYG3yjGFNrSQA&redir_esc=y#v=onepage&q=EPA%20.%20(2002).%20Methods%20for%20evaluating%20wetland%20condition%3B%20Introduction%20to%20Wetland%20Biological%20Assessment%20.%20Washington%3A%20United%20States%20Environmental%20Protection%20Agency%20(EPA).&f=false
https://books.google.co.nz/books?hl=en&lr=&id=aYda_4Yn5-sC&oi=fnd&pg=PR5&dq=EPA+.+(2002).+Methods+for+evaluating+wetland+condition%3B+Introduction+to+Wetland+Biological+Assessment+.+Washington:+United+States+Environmental+Protection+Agency+(EPA).&ots=xI0kW9tkL7&sig=v2nSZ23ZPBcGkraYG3yjGFNrSQA&redir_esc=y#v=onepage&q=EPA%20.%20(2002).%20Methods%20for%20evaluating%20wetland%20condition%3B%20Introduction%20to%20Wetland%20Biological%20Assessment%20.%20Washington%3A%20United%20States%20Environmental%20Protection%20Agency%20(EPA).&f=false
https://doi.org/10.1111/gcb.14089
https://doi.org/10.1016/0198-0149(90)90034-S
https://doi.org/10.1016/j.biocon.2007.07.015
https://doi.org/10.1080/07900620500404992
https://doi.org/10.3354/meps11543
https://doi.org/10.1016/j.ecoser.2021.101330
https://books.google.co.nz/books?hl=en&lr=&id=ExUus8hdv8sC&oi=fnd&pg=PP11&dq=Wiebe,+K.+D.,+%26+Gollehon,+N.+R.+(2007).+Agricultural+resources+and+environmental+indicators.+New+York:+Nova+Science+Publishers+Inc.&ots=5jKbayuIoq&sig=g-cHnf6DSxq1c2-jr-SHGREhS9c&redir_esc=y#v=onepage&q&f=false
https://books.google.co.nz/books?hl=en&lr=&id=ExUus8hdv8sC&oi=fnd&pg=PP11&dq=Wiebe,+K.+D.,+%26+Gollehon,+N.+R.+(2007).+Agricultural+resources+and+environmental+indicators.+New+York:+Nova+Science+Publishers+Inc.&ots=5jKbayuIoq&sig=g-cHnf6DSxq1c2-jr-SHGREhS9c&redir_esc=y#v=onepage&q&f=false
https://books.google.co.nz/books?hl=en&lr=&id=ExUus8hdv8sC&oi=fnd&pg=PP11&dq=Wiebe,+K.+D.,+%26+Gollehon,+N.+R.+(2007).+Agricultural+resources+and+environmental+indicators.+New+York:+Nova+Science+Publishers+Inc.&ots=5jKbayuIoq&sig=g-cHnf6DSxq1c2-jr-SHGREhS9c&redir_esc=y#v=onepage&q&f=false
https://books.google.co.nz/books?hl=en&lr=&id=ExUus8hdv8sC&oi=fnd&pg=PP11&dq=Wiebe,+K.+D.,+%26+Gollehon,+N.+R.+(2007).+Agricultural+resources+and+environmental+indicators.+New+York:+Nova+Science+Publishers+Inc.&ots=5jKbayuIoq&sig=g-cHnf6DSxq1c2-jr-SHGREhS9c&redir_esc=y#v=onepage&q&f=false
https://doi.org/10.1007/978-1-4612-5893-3_1


77  

4612-5893-3_1 

Simonson, W. D., Miller, E., Jones, A., García-Rangel, S., Thornton, H., & McOwen, C. 

(2021). Enhancing climate change resilience of ecological restoration — A 

framework for action. Perspectives in Ecology and Conservation, 19(3), 300-310. 

https://doi.org/10.1016/j.pecon.2021.05.002 

Williamson, P., & Gattuso, J.-P. (2022). Carbon removal using coastal blue carbon 

ecosystems is uncertain and unreliable, with questionable climatic cost-effectiveness. 

Frontiers in Climate, 4. https://doi.org/10.3389/fclim.2022.853666 

Wolanski, E., & Ducrotoy, J.-P. (2013). Estuaries of Australia in 2050 and beyond – A 

synthesis. Estuaries of Australia in 2050 and Beyond (pp. 1–13). Springer. 

Yoskowitz, D., & Russell, M. (2015). Human dimensions of our estuaries and coasts. 

Estuaries and Coasts, 38(1), 1–8. https://doi.org/10.1007/s12237-014-9926-y 

Ysebaert, T., & Herman, P. M. J. (2002). Spatial and temporal variation in benthic 

macrofauna and relationships with environmental variables in an estuarine, intertidal 

soft-sediment environment. Marine Ecology Progress Series, 244, 105–124. 

https://doi.org/10.3354/meps244105 

Yuan, Y., Li, X., Jiang, J., Xue, L., & Craft, C. B. (2020). Distribution of organic carbon 

storage in different salt-marsh plant communities: A case study at the Yangtze 

Estuary. Estuarine, Coastal and Shelf Science, 243, 106900. 

https://doi.org/10.1016/j.ecss.2020.106900 

Zedler, J. B., & Kercher, S. (2005). Wetland resources: Status, Trends, ecosystem services, 

and restorability. Annual Review of Environment and Resources, 39-74. 

http://doi.org/10.1146/annurev.energy.30.050504.144248 

Zedler, J. B., & Callaway, J. C. (2002). Tracking wetland restoration: Do mitigation sites 

follow desired trajectories? Restoration Ecology, 7(1), 69-73. 

https://doi.org/10.1046/j.1526-100X.1999.07108.x 

 

 

 

 

https://doi.org/10.1007/978-1-4612-5893-3_1
https://doi.org/10.1016/j.pecon.2021.05.002
https://doi.org/10.3389/fclim.2022.853666
https://doi.org/10.1007/s12237-014-9926-y
https://doi.org/10.3354/meps244105
https://doi.org/10.1016/j.ecss.2020.106900
http://doi.org/10.1146/annurev.energy.30.050504.144248
https://doi.org/10.1046/j.1526-100X.1999.07108.x

