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Tree planting has long played a major role in the New Zealand Government’s approach to climate mitigation and is increasingly understood as important for climate adaptation. However, large-scale tree planting in Aotearoa New Zealand has been dominated by exotic species. Although there is growing public and expert support for using native species for forest revegetation in farm landscapes, there are two key barriers. First, the lack of ecological and economic data on native species performance in different environmental conditions. Second, policy and market-related mechanisms associated with carbon sequestration, such as the New Zealand Emissions Trading Scheme, favor the continuing use of exotic tree species, especially Pinus radiata, over native species. Consequently, there are strong incentives for exotic forests and insufficient financial support for natives, even when native forest re-establishment is often the preference of landowners, Indigenous peoples, and local communities. The AUT Living Laboratories Program is a long-term, transdisciplinary, experimental restoration research program aimed at addressing scientific, social, and economic knowledge gaps for native revegetation as a Nature-based Solution (NbS) on farmland soils. Here, we present the project design and establishment information from the three experimental restoration sites, which vary in native species composition, planting configuration, and environmental and socio-cultural context. Each site involves partnerships with Indigenous communities, specifically Ngāti Whātua  Ōrākei, Ngāti Manuhiri, and Ngāti Pāoa, to value and embed mātauranga Māori as Indigenous knowledge. Monitoring carbon sequestration along with changes in ecological functions and outcomes, including native biodiversity, will be critical to ensure that large-scale tree-planting aligns with the government’s strategies for climate change, native biodiversity, and economic prosperity.
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Introduction


Background

Nature-based Solutions (NbS) are increasingly appreciated as a vital aspect of well-integrated climate change strategies at local, regional, and global scales (Seddon et al., 2020b). Through the protection, restoration, management, and creation of biodiverse, multifunctional ecosystems, it is possible to produce ecological functions that address simultaneous challenges including climate change, biodiversity loss, and environmental amelioration (Cohen-Shacham et al., 2016; Seddon et al., 2020a,2021). In Aotearoa New Zealand, NbS has recently gained official endorsement through the development of the government’s Emissions Reduction Plan (New Zealand Government, 2022) and its draft National Adaptation Plan (Ministry for the Environment, 2022). Given the relative prominence of land-based activities in Aotearoa New Zealand’s emissions profile, the potential for agricultural NbS to contribute to climate change policy is especially promising (Miralles-Wilhelm, 2021; Simelton et al., 2021). In 2019, agriculture was responsible for 48.1% of Aotearoa New Zealand’s gross emissions (39.6 mt/CO2e), while the Land Use, Land-Use Change and Forestry (LULUCF) sector offsets about –33% by producing 27.4 mt/CO2e of carbon dioxide removals (Ministry for the Environment, 2021). By deploying NbS, this source of climate mitigation might also deliver a rich suite of co-benefits to address other policy objectives, such as native biodiversity protection, reparations for Indigenous peoples, and reducing the contribution of erosion and sedimentation to declining water quality.

However, multifunctional solutions to societal challenges require an integrated policy approach (Pörtner et al., 2021). At least until the implementation of new climate governance arrangements in 2019, the New Zealand Government has lacked coherence and coordination in its policy mix (Hall, 2020). Over the previous decade, climate policy was dominated by a single instrument, the Emissions Trading Scheme (NZ ETS), with climate mitigation as its target. As its price signal has risen, the NZ ETS has strengthened the incentive for exotic monoculture forests that sequester carbon more rapidly than native species, which entails a trade-off for other policy targets such as increasing indigenous biodiversity. In the second quarter of 2022, new NZ ETS registrations of post-1989 forest increased to more than 80,000 hectares, from an average of only 4,000 hectares per quarter from the 4 years up to the second quarter of 2021. Yet, of the 387,361 hectares registered as of 30th June 2022, only 11% was indigenous forest, and the remaining 89% in mixed exotic species (Te Uru Rākau, 2022). This strengthened financial incentive also builds upon a century-long preference for exotic plantation forestry for timber supply, again driven by the higher yields of exotic species. The result is an asymmetry of practical knowledge, where exotic species with commercial uses have been the subject of intensive scientific research, genetic improvement, and integration into economic and climate modeling (e.g., Burdon et al., 2008; Watt et al., 2010). By contrast, native species have been relatively neglected by scientific researchers, which disadvantages their incorporation into evidence-based policy. Furthermore, the failure to integrate Indigenous knowledge into policy development has meant that a valuable source of empirical and practical knowledge was neglected in policy and market design. Thus, while the need to accelerate the deployment of NbS is increasingly understood as critical and urgent by the New Zealand Government, there are a range of knowledge gaps and policy misalignments to overcome.

Monitoring long-term experimental forest restoration plantings—projects that aim to understand how ecological properties and processes change over multiple decades as forested ecosystems are restored in urban or farmland contexts—can be used to address these key knowledge gaps. While community-led native forest restoration projects have long contributed to woody revegetation (re-integrating of woody vegetation) within urban and production landscapes (Peters et al., 2015), very few of these were established as science experiments or have had baseline or ongoing measurements of either the planted trees or the ecosystems in which they are situated. Nonetheless, these activities have generated useful practical information regarding restoration practices and outcomes (Porteous, 1993), some of which is available, for instance, via local government or non-governmental organization websites (e.g., Tane’s Tree Trust1). Shorter term (multiple year) experimental and observational research studies have provided more detailed scientific insights into critical aspects of native forest restoration, including: survival and performance of planted trees (e.g., MacKay et al., 2011), direct seeding techniques and related seed and site preparation (e.g., Douglas et al., 2007; Paul et al., 2020), mammalian herbivore control and fencing (e.g., Dodd et al., 2011; Burns et al., 2012), successional trajectories and natural regeneration (e.g., Wallace et al., 2022), impacts of invasive species (Norton, 2009), and management interventions to improve native forest establishment and success (e.g., Forbes et al., 2020; Tulod and Norton, 2020), among others. However, there remains a paucity of longer-term restoration experiments in New Zealand to fill knowledge gaps regarding the performance and function of native species in agroecosystems, to track biodiversity and ecosystem function in the face of climatic change, and to support the ongoing development of NbS planning and policy frameworks.



The AUT Living Laboratories program

The AUT (Auckland University of Technology) Living Laboratories program has been established as a multi-decadal, transdisciplinary, experimental restoration research program aimed at addressing scientific, social, and economic knowledge gaps for native revegetation as NbS on previously farmed soils. Drawing on post-normal science and its emphasis on cultivating a plurality of knowledges in the face of complex, urgent challenges (Funtowicz and Ravetz, 1993), each AUT Living Laboratories project is co-produced by an extended peer community (Meisch et al., 2022) which includes landowners and Indigenous partners. Thus, the program aims to produce and mobilize knowledge, both from Western scientific and Indigenous paradigms, to support the use of NbS as a strategic contribution to climate action, biodiversity improvement, and decolonization. The overarching purpose of the program is to address the question: How can ecological experiments be designed and implemented in Aotearoa New Zealand to support holistic approaches to revegetation that address multiple challenges, especially climate change and biodiversity loss? Underpinning this question are the contextual elements that make the experiments place-based, in terms of its implications for Indigenous and local communities and endemic native species.

In this paper, we present the experimental design and monitoring methodology for three long-term restoration experiments being established within the AUT Living Laboratories program. Building on existing knowledge regarding native restoration practice in New Zealand and globally, an overall aim of the Living Laboratories experiments is to gain new and useful insights into how native species composition, planting configuration, and environmental context influence the rate of restoration of mature, late-successional native forest ecosystems on lands with a multi-decadal legacy of pastoral farming. Mature native forest is multi-tiered and contains self-sustaining populations of tree species that traditionally occur in the canopy/emergent tiers of mature, podocarp-broadleaved forests typical of the upper North Island of Aotearoa New Zealand. These systems are resilient (Peterson et al., 1998; Gunderson, 2000), have ecological integrity (McGlone et al., 2020; Griffiths et al., 2021), have high species occupancy (Lee et al., 2005), and are dominated by indigenous species. The program also aims to characterize and quantify the socio-cultural and economic contexts of the restoration experiments to understand their respective roles in establishing successful restoration outcomes on previously farmed land. For example, we will be recording the costs of setting up each site, including the number and type of ongoing interventions, such as weeding, needed to establish the site and plantings to enable future economic analysis.

From an ecological science perspective, the experiments are aimed at collecting a comprehensive dataset to address a range of questions relevant to native restoration and the implementation of NbS in New Zealand farm landscapes, including: (1) Does planting late-successional species at the same time as nurse species accelerate succession? (2) How does microhabitat variation (e.g., soil chemistry, moisture, and compaction) affect tree seedling establishment and growth rate? (3) How does distance from existing native seed sources affect natural woody plant regeneration? (4) How does the composition of the late-successional and nurse species affect seedling establishment, tree growth, and canopy closure rates? (5) How do characteristics of the restoration plantings, such as planting density and environmental context, affect biodiversity and ecosystem functioning? New and emerging research questions will be accommodated as the three restoration experiments begin to mature over the next 10–50 years through the integration of sub-experiments or observational studies within the foundational experimental design. Comparisons of collected data and results against other restoration datasets from across New Zealand will be undertaken to enable generalization to other contexts across the country.

Critically, the experiments were developed based on the establishment of genuine partnerships with Indigenous Māori communities to create opportunities for the embedding of mātauranga Māori as Indigenous knowledge. More generally, the project aims to lay the foundations for a knowledge base to support NbS in Aotearoa New Zealand, and to address the obstacles that currently face the upscaling of NbS, by taking a holistic approach to restoration that integrates social science, partnerships with land stakeholders and ecological science (e.g., Lyver et al., 2015; Fleischman et al., 2020). Thus, the AUT Living Laboratories program is intended to reduce project risks for landowners, accelerate learning curves to decrease costs of tree planting and maintenance, improve understanding of the wider ecological benefits of native afforestation, and enhance the legitimacy of NbS by creating partnership approaches with Māori who hold mana whenua (ancestral links) with the land. This knowledge will inform the design of policies and economic instruments that might upscale NbS further.




Living Laboratories experimental forest restoration sites

The AUT Living Laboratories program comprises three long-term restoration sites established in New Zealand’s upper North Island (Figure 1). Each site differs in social context, environmental context, planted species, and experimental treatments (Tables 1, 2). The treatments encompass replicate groups of mature, canopy-dominant (late-successional), and nurse (early successional) tree species across each site that will be subjected to different experimental conditions or manipulations. No exotic species were introduced, neither as experimental controls nor as nurse species to facilitate succession, because site partners expressed a strong preference for native species only. All sites are being maintained on an ongoing basis beyond the initial site setup, with the goal of establishing biodiverse forest patches. This will involve in-filling of seedlings that do not initially establish, weed control, stock and/or feral pest mammal control, and the application of specific superimposed treatments, such as irrigation. The costs of all maintenance activities are being recorded, so the longer-term economic cost of the range of restoration approaches can be compared over time. This is especially relevant at one site, Te Muri, where the per hectare setup cost was varied by planting seedlings at different densities.
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FIGURE 1
AUT Living Laboratories program forest restoration experiment site locations within the context of the greater Auckland Region, and within Aotearoa New Zealand. The sites are: (A) Te Muri (3.8 ha), (B) Pourewa (2.1 ha), and (C) Pūkorokoro (3.2 ha). The red dots indicate adjacent reference sites, which will be monitored for a subset of ecosystem functions (Table 3) at a similar temporal frequency to the experimental sites to enable comparisons.



TABLE 1    Experimental set up information for three AUT Living Laboratories sites.
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TABLE 2    Species composition of plantings and treatment designs at the three sites.
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TABLE 3    Biodiversity indicator monitoring design and methodology for the AUT Living Laboratories program experimental sites.
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Experimental site 1. Te Muri

This is a 3.8-ha site situated within Te Muri Regional Park (Figure 1A); Ngāti Manuhiri is mana whenua (ancestral people) in this area. In pre-human times, this land was covered by kauri (Agathis australis)—podocarp-broadleaved forest (Singers et al., 2017). Since human arrival and subsequent forest clearance (e.g., Wardle, 1991), the area was used for farming beef and cattle, until 2019, when the area was retired from grazing. Today, small patches of native forest surround the experimental site, including some representation of the original forest type, and other modified mixed-broadleaved native forest types that reflect different levels of human modification and disturbance. The establishment of the Te Muri site, in the winter of 2020, followed protocols commonly used across Aotearoa New Zealand by restoration groups and local and regional government councils. These methods use weed spraying in advance of planting and during seedling establishment; a small area within the site was left unsprayed as a comparison; herbicide spraying in this region is particularly useful for killing kikuyu (Cenchrus clandestinus), a highly competitive invasive grass. The experimental site is situated in a small upland gully characterized by several ephemeral stream channels draining into a sedge-dominated wetland area in the lower parts of the gully. The main experimental effects at this site (Figure 2) varying across treatment blocks are: (1) the identity of the late-successional tree species, (2) the spatial pattern of the late-successional plantings, (3) the density of seedlings in the restoration planting, and (4) the impact of summer irrigation on survival and growth of planted seedlings (Table 1). The several small, regenerating native forest patches nearby are also being monitored as reference sites.
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FIGURE 2
Illustration of the tree planting, treatment block, and site monitoring design for the Te Muri experimental site. (A) The treatments involve mixed-species nurse trees planted at four densities; across the site, four late-successional canopy species are planted singly, and in clusters of nine seedlings 1-m apart, in a randomized design (see Tables 1, 2). Survival and performance of both target and nurse tree species are monitored through time. (B) Monitoring design, at the landscape scale (e.g., bird observations, water quality), at the treatment block scale, within 10 × 10-m permanent plots (e.g., decomposition, natural seedling recruitment), and at the 20-m sampling grid scale (e.g., soil chemistry, soil microbes).




Experimental site 2. Pourewa

This 2.1-ha site (Figure 1B) is located on a south-facing slope of Pourewa Valley in the middle of the City of Auckland (McArthur, 2017). Prior to human settlement, and similar to the Te Muri site, the vegetation of the area was comprised of kauri, podocarp, and broadleaved forest (Singers et al., 2017); the area was subsequently cleared of its original vegetation after the settlement of Māori (the Ngāti Whātua Orākei hapū/sub-tribe) around the mid-1300s, and then colonial Europeans from the 1600s. By the 1950s, the land on which this experimental site sits had been confiscated from iwi (tribal) ownership by the New Zealand government and used for farmland, eventually becoming a horse-riding club for c. 30 years. In 2017, an extensive area of the Pourewa Valley was returned to local iwi and is currently undergoing both development and ecological restoration, the latter including the AUT Living Laboratories Pourewa experimental site. The initial plantings at this site were undertaken in 2019 but were greatly affected by a severe drought in the summer of 2019–2020 (Figure 3); thus, further plantings were carried out in 2020 and completed in 2021. Adjacent to this site is a 13.6-ha council-managed reserve, Kepa Bush Reserve, the largest patch of native forest (coastal broadleaved forest) on the densely urbanized central Auckland isthmus; this reserve is also being monitored as a reference site (see Table 3 for monitored indicators). The main experimental effects at the Pourewa site (Figure 4) varying across treatment blocks are: (1) the identity of the late-successional tree species, (2) the spatial pattern of the late-successional plantings, (3) the provision of food for birds via the nurse species composition, and (4) the distance from a nearby forest patch (Table 1).
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FIGURE 3
An illustration, for the Pourewa experimental site, of the use of UAV (drone) captured imagery for site monitoring. In the (top) half of the figure, spatio-temporal variation in weedy vegetation (e.g., grass cover), drought effects (e.g., Feb 2020), and seedling growth can be tracked in different treatment blocks; note that seedlings have become visible in the 2022 imagery. The (bottom right panel) illustrates how photogrammetric techniques can be applied to the images to produce digital surface models (DSMs), capturing variation in topography, and in the taller vegetation where it exists, across the sites.
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FIGURE 4
Illustration of the tree planting, treatment block, and site monitoring design for the Pourewa experimental site. (A) The treatments involve two types of nurse tree compositions: kānuka and mixed-native species, all planted at a 1.5-m spacing; across the site, late-successional canopy species are planted singly at a 6-m spacing, and in clusters of nine seedlings 1-m apart, in a randomized design (see Tables 1, 2). Survival and performance of both target and nurse tree species are monitored through time. (B) Monitoring design, at the landscape scale (e.g., bird observations, water quality), at the treatment block scale, within 10 × 10-m permanent plots (e.g., decomposition, natural seedling recruitment), and at the 20-m sampling grid scale (e.g., soil chemistry, soil microbes).




Experimental site 3. Pūkorokoro

This 3.2-ha site, located in the northeast of the Waikato region in the North Island of New Zealand, adjacent to the Auckland region, is on a privately owned, steep, coastal property (Figure 1C). In pre-human times, this area would have been covered in coastal forest communities. It is currently primarily managed as a dairy farm. Similar to the Te Muri site, the restoration experimental planting in winter 2022 at the Pūkorokoro site followed commonly used restoration techniques, including weed spraying and fencing off the site from livestock. The main experimental effects (Figure 5) at this site varying across treatment blocks are: (1) the identity of the late-successional tree species, (2) the drought tolerance of nurse species, (3) the stature of nurse species, (4) aspect, (5) pot sizes of nursery stock, and (6) seedling initial heights from nursery stock (Table 1).
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FIGURE 5
Illustration of the tree planting, treatment block, and site monitoring design for the Pūkorokoro experimental site. (A) The treatments involve three mixtures of native nurse tree species, comprising differences in stature and drought tolerance, planted at 1.5-m spacing; across the site, four late-successional canopy species are planted singly at a 6-m spacing, in a randomized design (see Tables 1, 2). Survival and performance of both target and nurse tree species are monitored through time. (B) Monitoring design, at the landscape scale (e.g., bird observations, water quality), at the treatment block scale, within 10 × 10-m permanent plots (e.g., decomposition, natural seedling recruitment), and at the 20-m sampling grid scale (e.g., soil chemistry, soil microbes).


One of the main long-term research aims at the three sites is to enable the embedding of additional “sub-experiments.” Such sub-experiments might, for example, comprise student research projects, involve visiting researchers, or simply be undertaken to test specific hypotheses that emerge as the restoration sites mature. For instance, we are planning to superimpose three sub-experiments onto the basic experimental design at two of the sites that are testing: (1) the efficacy of using native ferns as ground cover to facilitate weed control and natural seedling recruitment; (2) the relative performance of drought- and non-drought-hardened native seedlings planted into the sites; and (3) the performance of small subsets of the planted seedlings under two different spring/summer irrigation regimes.




Baseline measurements and ongoing monitoring

Ecological monitoring protocols have been established at the three experimental sites, to gather data to test the temporal effects of experimental forest restoration treatments on biodiversity and ecosystem functioning (Tables 3, 4). The protocols are designed to: (1) Track the establishment and growth of all planted old-growth trees, and a representative subsample of nurse trees, and determine the possible drivers of their survival and performance at the tree scale and within the context of the experimental treatment blocks; and (2) Measure and monitor key indicators of above- and below-ground ecosystem function and dynamics occurring with forest development on these sites, and in the context of the experimental treatments.


TABLE 4    Monitoring methods for indicators of ecosystem function.
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The initial baseline measurements are “targeted monitoring” (sensu Sparrow et al., 2020) of each site. These measurements provide intensive pre-experiment data against which site changes, planned as ongoing “surveillance monitoring” (sensu Sparrow et al., 2020), can be tracked at each site. Facets of biodiversity and ecosystem functioning that are being monitored within the experiment include: the planted trees, introduced plants, native plant regeneration, birds, terrestrial invertebrates, seed dispersal, litter and debris, soil microbes, soil invertebrates, soil biological activity, decomposition, soil physicochemistry, and water chemistry. For the monitored biodiversity components, we will compute a range of biodiversity indices that can be used to characterize, compare, and contrast the overall biodiversity quality (sensu Feest et al., 2010) within among sites through time. Regularly captured UAV (drone)-based aerial imagery enables the creation of very high resolution 2–2.5-cm pixel resolution) “orthomosaic” snapshots (mosaicked imagery corrected for topography) of the experimental sites. Monitoring data are geographically positioned within the context of the UAV imagery to a high level of accuracy (± 1 m). All data generated by the project are to be open access. We actively seek research collaborations to join the project by adding sub-experiments or additional biodiversity and ecosystem monitoring.

The spatial and temporal scale at which each ecosystem indicator is monitored within our protocols accounts for several factors, including the expected scale of spatiotemporal variation, the costs of field sampling or lab processing, and the logistical practicality of continuing a particular sampling rigor and frequency 20 or more years into the future. As a result, the design includes data collection at three different spatial scales (e.g., Figure 2): (i) within a single permanent, 10 × 10-m plot positioned within each experimental treatment area using randomly generated coordinates (hereafter, “treatment block” monitoring) (ii) on a regular, 20 × 20-m sampling grid overlaid across the entire site, or (iii) at a site scale, or at the scale of comparison between the experimental site and an adjacent reference site. For example, decomposition and soil invertebrate activity are monitored at the treatment block scale because we wish to understand how these taxa respond to the different experimental treatments. In contrast, monitoring the variability in physicochemical properties of soils at fine spatial scales is costly and logistically infeasible; thus, here we monitor soil properties on a 20 × 20-m sampling grid scale and interpolate these quantities into spatially continuous GIS layers, consistent with other plot-based, long-term forest ecology approaches (e.g., Baldeck et al., 2013). Temporally, monitoring is to be repeated according to the expected temporal scale of variation. Sampling is conducted to track seasonal variation, e.g., bird communities (summer, winter), initial short-term changes, e.g., seedling establishment (annually), and changes that occur over longer time scales, e.g., tree growth (every 3–5 years).


Tree survival and performance monitoring

Baseline data for the late-successional trees are aimed at quantifying the survival probabilities of the different species across the three sites in relation to the initial starting condition of each tree, including: (1) seedling height and basal diameter, (2) the amount of dieback within 1 year of planting (from any cause, but most likely from drought or damage at planting), and (3) whether or not it has resprouted (yes/no) from the previous dieback within 1–2 years of planting. All late-successional seedlings are individually tagged, GPS-positioned, and measured annually for the first 3 years, followed by a 3–5-year monitoring cycle.

These measurements will be used to calculate woody biomass accumulation and, therefore, carbon sequestration rates for each species at each site and treatment. These measurements can be compared to environmental variables recorded at sites, such as soil moisture and physicochemical properties. Because all late-successional trees will be individually monitored and spatially referenced, we will be able to analyze individual tree establishment success and performance over time, in relation to continuous environmental variables and categorical treatment effects (e.g., nurse tree spacing or composition), using more sophisticated modeling methods such as mixed-effects regression analysis or spatially explicit growth and competition models (e.g., Uriarte et al., 2004). Thus, the granularity of data analysis for tree growth/survival will be at the tree scale, precluding the need to summarize and analyze the data at the treatment block level using more standard ANOVA-based designs, thereby increasing statistical power (Gotelli and Ellison, 2013) and the ability to disentangle microhabitat effects.

Because the numbers of nurse species trees are much greater than that of the late-successional species, monitoring of the former at the individual tree level is on a stratified subsample that represents all species, experimental treatments, and replicates. Protocols match those used for the late-successional trees, including permanently tagging individuals so they can be tracked through time. The selection of nurse trees is centered on the late-successional trees; at every fourth late-successional tree, the rapid and easy-to-conduct Point-Centered Quarter (PCQ) method (e.g., Wainscott, 2015) is used to identify the nearest four nurse trees, which are then permanently marked. Growth data for these trees will be related to that for late-successional trees to assess fine-scale ecological interactions and the effects of environmental factors.

In Aotearoa New Zealand, non-native plant species, including many invasive weeds, are numerous and known to have detrimental effects on native ecosystems (Lovegrove et al., 2002) and their restoration (Norton, 2009). For example, “kikuyu” (Cenchrus clandestinus) is a grass invasive in northern New Zealand that can often dominate restoration sites in early phases prior to canopy closure, forming thick swards that can have a range of impacts on seedlings and young trees (Forbes and Craig, 2013). The presence of non-native plant species is monitored at a site level by compiling a list of all introduced plant species on an annual basis; this ensures novel invasive species can be controlled at sites before they become well-established. At a finer scale, the effects of introduced plants on native plant establishment, survival, and ongoing growth are monitored by recording the presence and cover of introduced plant species in 1-m2-radius quadrats around all late-successional seedlings and the monitored subset of nurse seedlings.



Monitoring at the treatment block scale


Natural plant regeneration

Native and non-native woody plants will colonize and establish within the experimental areas over time, depending on the distance from nearby seed sources. Once the planted seedlings are well established at each site (after 2 years), the number, and identity of, naturally regenerating woody seedlings will be recorded within 2 × 2-m sub-plots established at the center and four corners of 10 × 10-m treatment block plots. As the restoration sites age, and both the planted and naturally regenerating seedlings get larger, monitoring will include counts within the 10 × 10-m plots. These data will be related to the wider species pool available at adjacent reference sites (see “Monitoring of adjacent forest patches” section, below) and that disperse to the site (see “Bird monitoring” section, below), to help understand the potential for native and non-native plant species establishment in association with restoration, in relation to distance from seed sources.



Ground-active invertebrates

Invertebrates are important indicators of ecosystem condition (Green, 2000; Gerlach et al., 2013) and changes in condition through time (Borges et al., 2021). Monitoring ground-active invertebrate communities by targeted trapping of key indicator taxa, such as carabid beetles (Carabidae) and spiders (Aranae), can be used to assess biodiversity, habitat quality, and ecosystem function in space and over time (Ward and Larivière, 2004; Case et al., 2020; Montgomery et al., 2021). At all three AUT Living Laboratories sites, pitfall trapping is carried out at the treatment unit scale, within the permanent 10 × 10-m plots, following standard protocols for environmental monitoring in Aotearoa New Zealand (Sherley and Stringer, 2016).



Soil invertebrates

Earthworms and nematodes are recognized indicators of soil quality and ecosystem condition (Blair et al., 1997; Pulleman et al., 2012). Earthworms, as eco-engineers, contribute to nutrient cycling and soil formation (Van Groenigen et al., 2014) and earthworm community composition generally reflects ecosystem condition and the level of human modification (e.g., Paoletti, 1999; Fusaro et al., 2018). Likewise, Nematoda play a key ecological role in soil nutrient cycling, are sensitive to human-caused disturbance, and their community structure therefore reflects aspects of soil condition (Lu et al., 2020). Within the AUT Living Laboratories experimental sites, earthworms and nematodes are sampled within each permanent, 10 × 10-m plots associated with each experimental treatment unit (e.g., Figure 2). All earthworms are extracted from a 25-cm3 soil sample excavated at a random distance (cm) of up to 5 m and direction (compass bearing) from the plot center; this method ensures that the same sample area is not excavated more than once. For each sample, the number of individual earthworms is recorded and total earthworm biomass is measured; all earthworms are then stored in ethanol for subsequent DNA barcoding to determine taxon identities. For nematode sampling, an aggregate of 500 grams of soil will be taken from five random samples up to 5-m from the earthworm sample locations. For each sample, nematodes will be extracted using decanting and sieving methods following standard protocols (Hallmann and Subbotin, 2018); using microscopy, nematode morphotypes and their relative abundances will be estimated, and samples stored for potential later DNA-based community analyses (e.g., Bogale et al., 2020).



Litter layer, organic layer, and fine woody debris

The amount and types of litter and woody debris produced by tree species within the experimental sites will increase as the restoration plantings develop and mature (e.g., Grant et al., 2007). Litter and organic layers are formed, and woody debris of different sizes accumulate, as trees form into a more mature, closed canopy forest (Facelli and Pickett, 1991). The depths of the litter and organic layers, and the relative biomass contributions from litter, organic soil, and woody debris, are indicative therefore of forest ecosystem development and of the rate of nutrient and carbon cycling within treatment zones and can impact on the biodiversity of local, ground-dwelling organisms (Rondeux and Sanchez, 2010). Litter, organic layer soil, and woody debris will be sampled at small subplots within the 10 × 10-m permanent sample plots within treatment zones. Sampling of litter and organic matter involves excavating these from one, 50 × 50-cm area randomly located within the permanent plot, recording the depth of each, and determining the relative biomass via drying and weighing. Fine woody debris (<5 cm diameter) will be collected from within one of the five, 2 × 2-m subplots and subsequently weighed to calculate a mass per unit area. Fine litter and organic matter will be first surveyed 2 years post-planting and every 2 years thereafter.



Soil biological activity

The “bait lamina probe” method is used as an inexpensive and easy to use test for evaluating relative biological activity in the top 5–10 cm of the soil and at the soil surface (e.g., Welsch et al., 2019). The method quantifies the amount of bait substrate, pre-inserted into holes on a plastic probe partially buried in the soil, that has been consumed by soil macrofauna after a given time period. Four probes are buried in the top of the soil, with one bait hole showing above the surface, in each of the five, 2 × 2 m sub-plots located within the 10 × 10-m permanent sample plots associated with treatment blocks. After 90 days, the probes are excavated, and the relative number of holes consumed on each probe provides an index of soil biological activity over that period; this method will be repeated annually for the first 2 years and every 3–5 years thereafter.



Decomposition

Organic matter decomposition plays a critical role in the flow of energy and matter in an ecosystem and is therefore a central component of carbon and nutrient cycling processes. The rate of decomposition (carbon turnover) impacts on organic carbon accumulation in the upper soil layers through time and, as a monitored indicator, reflects changes in litter accumulation and quality, local environmental conditions (e.g., moisture and temperature), and in the decomposer faunal communities as the forest restoration progresses (Ehrenfeld and Toth, 1997). The “tea bag index (TBI)” experimental decomposition method (Keuskamp et al., 2013) is used here to quantify the rate of soil organic matter decomposition at the AUT Living Laboratories experimental restoration sites. Within the 10 × 10-m permanent treatment block plots, five pairs of green and rooibos tea bags are buried at an 8-cm soil depth, one pair in each 2 × 2-m sub-plot, for 30 days. Following the standard method, values for k (decomposition rate) and S (stability) are calculated using the five replicate samples per treatment block (e.g., Welsch et al., 2019). This bioassay will be repeated at a temporal frequency of every 3–5 years.




Monitoring at the 20 × 20-m, regular grid scale


Soil physicochemical properties

Mineral soil physical and chemical properties are measured for sample points on a 20-m grid across the three experimental sites. Soil properties provide critical information on soil fertility and condition. Monitoring these properties through time provides quantitative data that can be used to track changes in soil quality as the restored forest develops (Gatica-Saavedra et al., 2017). Soil physical property measurements comprise soil compaction, bulk density, and soil moisture, while chemical property measurements comprise soil pH, total carbon and nitrogen, organic carbon, mineralizable nitrogen, Olsen phosphorous, calcium, magnesium, sodium, cation exchange capacity, and total base saturation. Soil compaction is measured using a soil penetrometer (Eijkelkamp Hand Penetrometer) which measures the relative pressure required to force a probe down through the soil at different depth increments. Soil moisture is collected using a handheld soil moisture probe (Campbell Scientific Hydrosense II). Soil bulk density is measured using a copper cup of a known volume to sample soil from the top 10 cm of the mineral soil which is then dried and weighed. The collection, storage, and analyses for soil chemistry follow standard procedures (e.g., Carter and Gregorich, 2008); all chemical analyses are carried out by a certified laboratory. The temporal intensity of sampling for the different physical and chemical properties is every 3–5 years.



Soil biota

Extraction and sequencing of genetic material from belowground samples can be used for monitoring changes in the belowground biotic components of ecosystems over a range of timescales (Mathieu et al., 2020). Soil samples can be used in a range of ways: (1) targeted sequencing of certain taxa, such as microbial communities, comprising fungi, archaea, and bacteria, can be used to monitor soil health (Hermans et al., 2017; Astudillo-García et al., 2019), (2) metagenomic sequencing can be used to quantify the functional potential of soil biota (Hermans et al., 2020), and (3) comparisons of environmental DNA (eDNA) can be used to monitor the diversity of bacteria, archaea, fungi, slime molds, and other soil organisms over time (Lear et al., 2018). At all three of the AUT Living Laboratories sites, 10-cm soil cores have been collected at all soil sample points (20 × 20-m grid) and frozen at –20°C as baseline samples for temporal comparison. These will be repeated seasonally (late summer, winter, and spring) every 3–5 years. Root tip sampling can be used to monitor fungal communities associated with the roots of vascular plants; ectomycorrhizal fungal communities are relatively easy to sample and are crucial in plant growth and survival. Thus, in addition to soil samples, root tip sampling of the only ectomycorrhizal plant added to all three experimental sites, kānuka (Kunzea spp.), will be undertaken to monitor the colonization of the restoration plantings and changes in belowground biodiversity over time. Root tips will be excavated and samples removed for molecular analysis every 3–5 years, following protocols recommended for sampling ectomycorrhizal fungi, e.g., Gehring et al. (1998). These samples will be subjected to molecular analysis to identify the symbiotic fungal taxa (Martin, 2007; Janowski et al., 2019).




Monitoring at the site-to-landscape scale


Birds

Native and non-native birds disperse seed, contribute to food web interactions and other ecosystem functions, and are an important component of biodiversity (García et al., 2014; Coux et al., 2021). Bird communities at the experimental sites are monitored seasonally using standard 5-min bird count protocols (e.g., Bibby et al., 2000; Hartley and Greene, 2012), which have been used historically, including at Pourewa, where comparisons over time and with nearby sites can be made. These protocols are consistent with those applied by government agencies and thus will be comparable to monitoring data for the region (e.g., Elliott et al., 2010). The protocol involves recording the identities and number of birds heard and seen over 5 min at monitoring points at least 200 m apart. These data will be used to track changes in bird biodiversity, such as abundance, number of native species, and number of exotic species over time, as the plantings mature. In addition, artificial perches with seed traps will be established at each site and seed rain monitored periodically to understand the role of birds in native seedling recruitment and introduced plant invasion at each site. Animal ethics approval will be sought prior to undertaking this monitoring.



Flying invertebrates

Malaise trapping (Matthews and Matthews, 2017) is useful for monitoring the presence of key flying invertebrates, such as Hymenoptera, including bees and wasps. Three Malaise traps will be deployed at each site annually for several weeks during mid- to late-summer within the nearest woody vegetation patch and within the planted area at two different distances from the nearby woody patch. Standard New Zealand protocols will be used (Sherley and Evans, 2016) and the three samples will be used to assess differences in native invertebrate biodiversity between the restoration planting and nearby woody vegetation. Depending on the number of taxa present, identifications of recognizable taxonomic units (RTUs) to species level may be limited to a set of focal taxa that are tracked through time.



Water chemistry

Portions of the three experimental sites each drain into at least one intermittently flowing stream or area of standing water (e.g., wetland; e.g., Figure 2). Changes in biotic, chemical, and physical constituents of these water bodies through time can be indicative of ecosystem changes occurring uphill as the new forest patches develop. We follow a standard protocol used for water quality monitoring by community groups, government bodies, and land managers across New Zealand (the “Wai Care” protocol2) using a suite of standard measures of water quality, including pH, water chemistry, dissolved oxygen, turbidity, and macroinvertebrate indicators. The temporal frequency of sampling is three times per year, every 2 years.



Drone/UAV imagery

Color UAV imagery (2–5-cm pixel resolution) covering each experimental site is collected three times per year. Flights are conducted as automated 3D waypoint surveys using UAV flight planning and control software (UgCS 4.6, SPH Engineering) providing repeatable spatial coverage and detail. Overlapping UAV imagery provides opportunities for generating a “dense point cloud” dataset using structure-from-motion methods (Smith et al., 2016) that can be further processed to create GIS-ready RGB orthomosaics along with high-resolution digital elevation models (DEM–elevation at the ground surface) and a digital surface models (DSM—elevation at top of vegetation) at for each image collection period. These data are very useful for tracking topographic variation and vegetation structural changes through time (e.g., Figure 3). Due to the very high resolution of the data, the composition and spatial distribution of the native and exotic herbaceous and woody vegetation can be classified and tracked, providing a way to remotely monitor the planted trees, once they reach an adequate size (3–4 years old).




Monitoring of adjacent forest reference patches

At each location, adjacent forest patches (Figure 1—red dots) will be monitored for biodiversity and ecosystem functioning in comparable ways to establish reference, unmanipulated baseline data. This will be especially useful for temporal comparisons, allowing spatial and temporal variation to be teased apart. The focus initially on these locations is on basic biodiversity data including plant species composition, soil and water quality sampling, and terrestrial invertebrate surveys (Table 3). In each reference patch, these variables will be monitored every 20 m along a transect moving inward from the patch edge nearest the experimental site to the patch center (e.g., Figure 2B). Measurements will be conducted at the same temporal frequency as for the experimental site sampling.




Partnerships

A foundational aim of the AUT Living Laboratories program experiments was co-design of the research with mana whenua (Indigenous peoples in Aotearoa New Zealand, with tribal authority over a region). Good kāwanatanga (governance) of research should enhance relationships and promote cooperation and power sharing in a relationship of equals, co-designing, and co-determining opportunities of which their impact meets the needs of mana whenua. The goal was to enable a sense of control and protection throughout all parts of the program—from experimental design to decisions around data collection and control of access. There are a range of both international and domestic frameworks regarding the rights of Māori as partners in scientific research from the United Nations Declaration on the Rights of Indigenous peoples to Indigenous Data Sovereignty agenda. However, first and foremost, as Te Tiriti o Waitangi (Healy et al., 2012) partners with mana whenua, partnership must enable rangatiratanga (sovereignty) and mana motuhake (self-determination) and offer possibilities for mutually defined success (Kukutai and Taylor, 2016).

The approaches to partnerships varied at the different experimental sites. The Pourewa project was initiated directly with Ngāti Whātua o Orākei through a prior invitation to collaborate. Planning for this project emerged out of a series of hui (meetings). The AUT Livings Laboratories program successfully entered into a collaboration agreement with Ngāti Whātua o Orākei where clear guidelines were agreed upon detailing the nature of the relationship. A significant part of the agreement was acknowledging Ngāti Whātua mātauranga-a-iwi (regional-specific mātauranga Māori) as equal to conventional science and ensuring that any activity on the Pourewa site is conducted with appropriate tikanga (protocols) in accordance with Ngāti Whātua protocols and a plan was made regarding the sharing of any mātauranga that would emerge from this project. While discussions for this project resulted in the decision that information could be shared openly at this site, this is not a given at all potential sites, and, in general, researchers should be cognizant of ongoing conversations and developments regarding best practice for collection and governance of any and all Indigenous data (e.g., CARE principles3). Such conversations in this case were facilitated by regular meetings with iwi (tribe) environmental managers, the appointment of a kaumatua (respected elder) from the organization representing Ngāti Whātua o Orākei, and a commitment within the science team to align the program’s outcomes with tribal aspirations. Working in such a way also provided the opportunity for AUT Living Laboratories researchers to engage with Ngāti Whātua o Orākei giving them rich exposure and experience to their reo (language) and tikanga (protocols), and cultural nuances and histories of that particular region. In a relationship of equals where utu (reciprocity) enables the upholding of each partner’s mana (authority), the benefits then become two-way, thus, developing capability and building capacity in research for Ngāti Whātua o Orākei and the AUT Living Laboratories program team. For example, in establishing the experiment at this site, we integrated iwi (tribal) requirements regarding the selection of species deemed ecologically and culturally appropriate for the location and followed protocols for how soil and vegetation were to be treated, including not applying any chemical herbicides at the site.

The Te Muri project emerged out of negotiations with Auckland Council who selected the experimental site after a process of identifying viable options on council land. Ngāti Manuhiri has ancestral links to the Te Muri site and Auckland Council has a co-governance plan for that area. However, because Auckland Council acted as an intermediary, the establishment of a direct partnership between AUT and Ngāti Manuhiri was slower and suffered from miscommunication. The third site, Pūkorokoro, involves a partnership with a tauiwi (non-Māori) organization, Te Whangai Trust, as well as a formal agreement Ngāti Pāoa which has mana whenua in that area. Currently, work is still underway to establish formal collaboration agreements with mana whenua for these two sites.

Good partnership aims to restore the balance between Māori and the Crown. Wherever possible, researchers should directly co-design research with mana whenua to give communities a sense of control and protection throughout the entire process. For example, in this program, the question of data sovereignty is dependent on the partnership agreement; the agreement is for open access in the case of Ngāti Whātua o Orākei. Adequate time, care, and resources need to be assigned to ensure projects remain culturally safe, the research uncompromised, and the mana (power and authority) of iwi (tribes) is protected and enhanced. From a partnerships perspective, direct engagement with Māori organizations has led to more meaningful and successful relationships and outcomes within this research program, because a reliance on third-party exposes the project to risks of mismanagement, especially when co-governance arrangements are not adequately instantiated.



Relevance for NbS policy and planning

Aotearoa New Zealand was the second country in the world to implement an emissions trading scheme (in 2008), and the first to include forestry in its uniquely broad sectoral coverage (Leining et al., 2019). The objective of the NZ ETS, as an incentivization instrument, was to produce the least-cost emissions reductions through the exchange of emission units (NZUs) that represent a “right to emit” one ton of carbon dioxide equivalents. The NZU price produces a disincentive for emitters who must surrender units equivalent to their obligations, as well as an incentive for forest owners who are the only non-government suppliers of units (Leining, 2022). Under current settings, the government also supplies NZUs through regular auctions and free allocations to emissions-intensive trade-exposed businesses. In the early phases of the NZ ETS, the NZU price was low due to various design features; however, it has increased significantly due to successive reforms (Hall, 2020)—from as low as NZ$0.66 in secondary markets in May 2013 to an unprecedented peak of over NZ$85 in early 2022. There is evidence that afforestation is highly responsive to the ETS incentive; thus, as long as carbon prices remain high, the NZ ETS will likely continue to be a primary mechanism driving significant land-use change, largely involving the establishment of forests on farmland (Ministry for the Environment, 2020).

However, this outcome is not necessarily positive, neither in terms of climate change strategy nor other policy objectives, such as biodiversity. Central to this is the nature of the ETS incentive, which relates solely to carbon sequestration. The greater the sequestration rate, the larger the volume of units received, and therefore the greater the potential for revenue (depending on when the recipient sells the units). Thus, the ETS incentivizes fast-growing trees, with an opportunity cost for planting slower-growing species. Profitability is also increased if establishment costs are low. This has tended to favor monocultures of exotic Pinus radiata, which has the advantage of being fast growing in a range of settings, as well as cheap to establish due to the industrial scale of commercial forestry. This historical path-dependency is reinforced by carbon markets which favor the same attributes of rapid growth. This situation has led to critical misalignments in how plantation forestry and ecosystem restoration is treated by climate policy. First, there is a lack of policy coherence among the various land-related objectives that government is concerned with, especially between climate mitigation, climate adaptation, and biodiversity. Second and consequently, there is a risk of perverse impacts from climate policy, and in particular the potential for maladaptive outcomes due to the sole focus on carbon sequestration. Third, there are transition risks with respect to securing and sustaining the social license for land use change. Fourth, the policy mix is not comprehensive: there is insufficient support for biodiversity and landscape resilience which might counterbalance the incentives for climate mitigation, e.g., erosion control in extreme weather events. And finally, there is a significant reliance on exotic monocultures, which needs to be overcome to produce alternative outcomes.

From a short-term climate mitigation perspective, Pinus radiata and other exotic species such as redwoods (Sequoia sempervirens) and eucalypts (Eucalyptus spp.) clearly have utility. However, from a climate resilience perspective, large-scale monocultural forests are not necessarily optimal (Sacco et al., 2021), which may justify concerns regarding farm-scale conversions in New Zealand at scales of 100–1,000 s of hectares. In principle, forest resilience is positively correlated with biodiversity and ecosystem function, both in terms of species diversity and uneven-aged structures that promote ecological succession (Suryaningrum et al., 2021). Consequently, species diversity in forest ecosystems is generally seen as an adaptive strategy (Hisano et al., 2018; Höltermann, 2020), because even-aged monocultures are susceptible to catastrophic loss from pests and diseases (Liu et al., 2018). Climate mitigation policies that incentivize the latter are therefore at risk of maladaptive outcomes (Anderegg et al., 2020). In light of New Zealand’s unique geography and industry, further research is needed on the particular risks to exotic plantations in New Zealand (Macinnis-Ng et al., 2021), but uncertainty warrants a precautionary approach to future climate-related risks like windthrow and wildfire (Moore and Watt, 2015; Melia et al., 2022). For unharvested forests (otherwise known as carbon farming), these risks may increase if active forest management is not undertaken, which may occur if forest managers lack sufficient cash reserves when sequestration rates slow and cashflow diminishes. On the other hand, landowners who want to use native species for farmland revegetation activities face uncertain outcomes and returns on investment, largely due to major deficits in published ecological knowledge for New Zealand endemic tree species and their effective uses in agroecosystem contexts (Case and Ryan, 2020; but see Kimberley et al., 2021).

Although observational data are frequently used as a basis for modeling the outcomes of NbS (e.g., Hutchison et al., 2018; Chausson et al., 2020), long-term ecological experiments (e.g., Lindenmayer et al., 2012) are crucial for achieving a detailed understanding of the causal processes linking carbon, biodiversity and ecosystem functioning (e.g., Scherer-Lorenzen et al., 2007; Gottschall et al., 2022) associated with woody, non-production vegetation (Case et al., 2020). This is because large variability in both tree growth rates across environmental gradients and in the response of biodiversity and ecosystem functions to environmental management make outcomes unpredictable (e.g., Grossman et al., 2018; Yuan et al., 2020); in addition, most restoration activity is designed for achieving successful plant establishment, not for understanding the underlying ecological processes and functions such as nutrient cycling, interaction webs (pollination, predation, competition, dispersal), decomposition, carbon sequestration, and water cycling. Thus, in the context of supporting NbS planning and policy, long-term experimental data enable insights into how restored forest ecosystems are responding to ongoing climatic changes relative to key ecological, social, cultural, and economic NbS performance indicators (e.g., see Simelton et al., 2021). Such data might also, for example, inform the development of possible payment schemes for biodiversity value, generating a key leverage point for better integrated policy (Hall and Lindsay, 2021). Around the world, a variety of economic instruments are being developed and implemented with the aim of providing landowners a means to realize monetary benefits from creating and maintaining biodiverse ecosystem components on their farms (Brears, 2022). Improved understanding in Aotearoa New Zealand of how native species contribute to desirable ecological functions, especially ecological resilience, can therefore contribute to policy design.

The incentivization of exotic over native species through climate mitigation policy has implications for Māori, the Indigenous people of Aotearoa New Zealand. Historical deforestation and other types of land use change, including drainage of wetlands and peatlands, are inseparable from the injustices of colonization, in particular the alienation of Māori from ancestral land and associated loss of decision-making power (Koroi, 2021). This entails specific breaches of Te Tiriti o Waitangi (the Treaty of Waitangi), a key agreement made between the Crown and many Māori tribes in 1840, which promised to Māori “te tino rangatiratanga o o ratou wenua o ratou kainga me o ratou taonga katoa,” or “the full exclusive and undisturbed possession of their Lands and Estates Forests Fisheries and other properties” in the English version; a direct translation of the Māori version to English is “the unqualified exercise of their chieftainship over their lands, villages and all their treasures.” Consequently, the rehabilitation of native ecosystems can be seen as a complement to decolonization, as the exercise of an “ethic of restoration” (Jackson, 2020) that strives to address colonial injustices. Māori who have ancestral connections (mana whenua) to a particular location have relationships of mutual care for endemic species, which relates to the idea of whakapapa, the interconnectedness of things, including between human and non-human entities (Roberts, 2013). These relationships create a duty of care known as kaitiakitanga, commonly translated as guardianship or stewardship, but entails a more sophisticated sense of obligation and reciprocity (Kawharu, 2000). However, Māori perspectives vary regarding how to dispense these duties and the emphasis placed, for example, on use of natives and exotic species to achieve long-term objectives in different contexts or to meet varying socio-economic objectives (e.g., Wannan, 2022).

Thus, there is an urgent societal need to address the interlocking challenges of climate mitigation, adaptation and biodiversity loss. As such, inquiry-based research within the AUT Living Laboratories research program is conceived as post-normal science to improve the quality of knowledge production where “facts [are] uncertain, values in dispute, stakes high and decisions urgent” (Funtowicz and Ravetz, 1993). Because of the complexity of native ecosystems and the long timeframes for establishment, existing knowledge gaps cannot be filled within the timeframes in which policymakers must act, especially in advance of the 2030 Nationally Determined Contributions under the Paris Agreement. Consequently, the production of knowledge must operate in a post-normal mode: first, by working with an extended peer community which is open to Indigenous expertise (i.e., mātauranga Māori) and also lay knowledges of landowners (Meisch et al., 2022); and second, by acknowledging that appropriate experimental projects will be “out in the world” as manifestations of the climate- and nature-positive actions that they strive to inform. For example, the inclusion of an exotic species comparison in the research design would be typical of a normal experimental approach; however, such controls were not implemented because landowners did not want exotic tree species. Thus, through co-design of research sites, the environmental aspirations of landowners took priority over idealized research design. This reflects a post-normal approach to “living laboratories” which are embedded in complex, interconnected natural and human systems.



Conclusion

Nature-based Solutions are presented as “place-based partnerships between people and nature,” with the conservation and enhancement of biodiversity at its core (Seddon et al., 2021); the implementation of NbS is therefore necessarily local in scale, specific to the context and needs of a given region, people, and situation. Indeed, the adoption of NbS as a framework, particularly as a model for climate change mitigation and adaptation, has gained significant traction and momentum in the last 5 years (Seddon, 2022). One of the large attractions of frameworks such as that offered by NbS is that it espouses a holistic approach to addressing the twin crises of biodiversity and climate change, and is naturally aligned with the caretaking mindsets of local indigenous peoples toward their lands and waters (e.g., Reed et al., 2022). The AUT Living Laboratories program was established recognizing the need for such holistic thinking in a bicultural Aotearoa New Zealand, given that the country is experiencing an intersection of crises, debates, and challenges in land and water management; this program also recognizes that empirical evidence will be necessary to fill critical knowledge gaps via transdisciplinary research and to provide a way to legitimize NbS as a useful toolset for both understanding and mitigating the impacts of a worsening climate crisis (Seddon, 2022).

Specifically, the AUT Living Laboratories program has been designed as a long-term teaching and research resource, a source of practical knowledge for using the restoration of native vegetation to address societal challenges such as climate change mitigation and adaptation and biodiversity loss. In addition to understanding parameters for restoration success in local environments, we seek to address the lack of understanding of how ecological processes and functions change over time within restoration sites. These processes include nutrient cycling and soil health, soil erosion, biological interaction webs, connectivity and maintenance of native plant and animal populations, suppression or enhancement of weed and pest animal spread, changes in water quality (nutrient run off), and quantity (water capture). Thus, the experiments endeavor to optimize restoration protocols for biodiversity and ecosystem functioning and NbS outcomes, as referenced against existing indicator frameworks. Cross-disciplinary research within the program will ultimately aim to explore human-nature interactions including human wellbeing and their connections to land and biodiversity, Indigenous people’s empowerment, and economic advantage to landowners such as carbon credits and other long-term financial benefits.

In developing the scientific design and ecosystem measurement and monitoring protocols for the AUT Living Laboratories experiments, we have drawn on a range of local and global scientific evidence, examples, and resources. These include those provided by international intergovernmental bodies tasked with development of global biodiversity restoration science work programs and policies (e.g., the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services—IPBES). The restoration indicators used in our protocols have been aligned against those described in the Society for Ecological Restoration Australasia (SERA) guidelines for Australia (Standards Reference Group [SERA], 2021) and the Society for Ecological Restoration international principles and standards (McDonald et al., 2016). Indeed, we ensured adherence to the key principles of ecological restoration, including starting with strong partnerships, proceeded by incorporating relevant scientific and traditional knowledge, benchmarking against native forest reference systems, and the use of measurable indicators that reflect ecosystem recovery through time (Gann et al., 2019). We also aimed to achieve complementarity and a level of standardization, and uniqueness, compared with other forest restoration experiments being undertaken globally (e.g., the TreeDivNet experimental network4), particularly those aiming to investigate relationships between biodiversity and ecosystem function in agroecosystems (e.g., Perring et al., 2012; Schwarz et al., 2021).

In sum, our experimental design is intended as place-based and context-specific, to be guided by the knowledge demands of urgent public problems (Clarkson, 2022). By exploring how to establish legitimacy with landowners and local Māori communities, and by seeking to enhance public understanding of the values that native vegetation uniquely provides, the program creates post-normal “laboratories” that are open to the world, that are self-aware of their impacts on local ecosystems and people, and responsive to wider societal challenges.
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Footnotes

1     https://www.tanestrees.org.nz/resources/

2     https://waicare.org.nz

3     https://www.gida-global.org/care,WAI262-wai262.nz

4     https://treedivnet.ugent.be/experiments.html
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Indicator

Methods

Spatial scale

Temporal scale

Variables

Birds* 5-min bird counts Conducted every 200 m Yearly in spring Richness, relative
moving away from adjacent abundance,
forest patches composition

Introduced plants * Introduced plant survey and species Site scale, and around all Yearly for first 3, Richness, relative

list per site percent cover of late-successional seedlings 3-5 years thereafter abundance,
introduced plant species ina 1 m? and subset of nurse seedlings composition
radius quadrat around seedlings.
Woody seedling recruitment * Count of recruits, by species Treatment block scale After initial planting, and Richness,
every 2 years thereafter abundance,
composition

Invertebrates * (Aranae,

Hymenoptera, Coleoptera)

Pitfall traps, malaise traps

Pitfall traps: treatment block
scale

Malaise traps: site scale, three
per site, at distances from
forest patches

Yearly, during summer,
for the first 3 years, then
3-5 years thereafter

Richness, relative
abundance,
composition

soil; total worm count and biomass,
native or exotic species identified and
confirmed via DNA sequencing

Nematodes * Extracted from 600 cm? soil sample Treatment block Every 3-5 years Richness, relative
via decanting and sieving; nematodes abundance,
characterized via microscopy composition

Earthworms ‘Within a 30 x 30 x 10-cm volume of Treatment block Every 3-5 years Richness, relative

abundance, biomass,

composition

Soil microbes

Three soil core samples (2.5-cm
radius x 10-cm depth); samples
composited and frozen at —20°C for
DNA extraction and subsequent

sequencing

Every 20-m sample grid
location

Three times per year; in
first year and every
3-5 years thereafter

Richness, relative
abundance,

composition

Indicators with a * are also monitored in adjacent native forest reference patches at the same temporal frequency.
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Methods

Spatial scale

Temporal scale

Implications/rationale

diameter

associated nurse trees located

using the PCQ method

Late-successional Alive, dead, resprouted, dieback, All seedlings are monitored Initially yearly for Spatio-temporal variability in tree
tree seedlings height, basal stem diameter 3 years, then every survival, growth
3-5 years.
Nurse tree seedlings Tagged, measured and have At every fourth Initially yearly for Spatio-temporal variability in tree
introduced plant coverage estimated. late-successional tree 3 years, then every survival, growth
Alive, dead, resprouted, height, basal throughout the site, four 3-5 years.

Soil chemistry (soil
fertility, pH, toxicity)

500 g sample, 25 cm deep max;

standard soil analysis techniques

20-m soil grid scale

Year 1 and every
3-5 years thereafter

Spatio-temporal variability in soil
condition

moisture-volumetric
soil water content
(%)

late-successional trees

every year from year 1

Water quality “Wai Care” New Zealand protocols All seasonal water sources; at Three times per year, late Spatio-temporal variability in
for water quality monitoring. least three repeated summer, winter and water chemistry and biotic
measurements from each spring; in year 1 and indicators
water source every 2 years thereafter.
Soil Handheld soil moisture probe 20-m sample grid and near Three times per year, Spatio-temporal variability in

plant water availability

Soil compaction

Soil penetrometer

20-m sample grid and near

late-successional trees

Year 1 and every 2 years
thereafter

Spatio-temporal variability in soil

compaction

Soil biological Bait lamina probes Treatment block scale Year 1 and every Spatio-temporal variability in soil
activity 3-5 years thereafter micro-invertebrate activity
Decomposition Teabag decomposition experiment Treatment block Year 1 and every Spatio-temporal variability in
3-5 years thereafter decomposition rates/decomposer
communities
Soil bulk density 100-cm? core 20-m sample grid, every Every 3-5 years Spatio-temporal variability in soil
fourth soil sample point compaction

Fine woody debris Collect all fine woody debris in Treatment block 2 years after planting and Spatio-temporal variability in

30 x 30-cm quadrat; samples dried, every 2 years thereafter woody litter deposition

sorted, and weighed
Canopy closure UAV imagery Whole site Three times per year Spatio-temporal variability in tree

canopy growth and closure

Note that the soil sample grid is every 20 m at all sites.
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Site name and
characteristics

Treatments

Site preparation

Design and
spacing

Trees
planted

Replication

Te Muri,
Auckland
-3.8ha

- Planted 2021

- Late-successional species
identity, planted singly or in
clusters

- Four planting densities for
nurse species: 1, 2, 3, and 4-m

spacing, by treatment block

- Herbicide before
planting

- Herbicide around
seedlings 2-3 times
annually

- Livestock fencing

Late-successional

species

- Single trees: random
placement on regular grid,
two spacings, 6 or 8-m

- Clusters: randomly
distributed, 1-m

intra-cluster spacing

Total: 1,400
Single trees: 824
Clustered trees:
564 in 64
clusters

Trees/cluster
numbers divided
equally among

four species

- Nurse species

- Single trees: species
randomly placed on 1, 2, 3,
and 4-m grid (by
treatment block)

Total: 12,588

Tree numbers
divided equally
among species,

per treatment

Pourewa, Auckland

- Late-successional species

- No herbicide use

Late-successional

- Single trees: 6-m grid

Total: 695

Trees/cluster

- Small vs. large initial
seedling pot/seedling size

block (48, 0.6-ha blocks) in
randomized design

- 2-m spacing

-2.1-ha identity, planted singly or in | - Manual weeding species - Clusters: randomly Single trees: 497 | numbers divided
— Planted 2019/2020 | clusters around seedlings 2-3 distributed, 1-m Clustered trees: | equally among
- Nurse species composition, | times annually intra-cluster spacing 198 in 22 three species
reflecting seed dispersal clusters
de (bird vs. wind
e .e (eod gyn ) Nurse species - 1.5-m spacing Total: 9,150 Trees equally
- Distance from native tree R R R L.
- Bird dispersed vs. wind divided between
seed source (100-250 m) . . . .
dispersed species wind and bird
treatment blocks dispersed
treatments
Pikorokoro, Waikato | - Aspect: west vs. east - Spot herbicide Late-successional - Species randomly placed | Total: 810 Tree numbers
- Late-successional species | application at seedling | species on 6-m grid divided equally
identity, planted singly locations before planting among species
- Nurse species mixtures: - Herbicide around per treatment
high, moderate, low drought | seedlings 2-3 times
tolerance species (3 in each) | annually A . A
-32ha ~ High vs. low stature trees | - Livestock fencing Nurse species - One drought tolerance | Total: 6,660 Eight replicates
- Planted 2022 mixture per treatment of each drought

tolerance x two

slope aspects

See Table 2 for planted species composition.
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Species set

Species composition

(number of seedlings
planted)

Te Muri Late-successional Knightia excelsa, Dacrydium
trees cupressinum, Podocarpus totara,
Vitex lucens (n = 350 per species)
Nurse trees Kunzea robusta, Melicytis
ramiflorus, Coprosma robusta,
Myrsine australis, Aristotelia
serrata (n = 2,568 per species)
Pourewa* Late-successional Beilschmeidia taraire (n = 75),
trees Podocarpus totara (n = 310),
Vitex lucens (n = 310)
Bird-dispersed Melicytis ramiflorus, Myoporum
treatment laetum, Pittosporum eugenioides,
Coprosma robusta (n = 1,140 per
species)
Wind-dispersed Kunzea robusta (n = 4,575)
treatment
Pikorokoro Late-successional Vitex lucens (n = 250),

trees Podocarpus totara (n = 309),
Dacrycarpus dacrydioides
(n=250)

Higher stature Pittosporum crassifolium,

(>6-m), high
drought-tolerant

treatment

Pittosporum tenuifolium,
Pseudopanax lessonii (n = 740 per

species)

Lower stature

(<6-m), moderate

Phormium tenax, Coprosma

robusta, Veronica stricta (n = 740

drought tolerant per species)
treatment
Higher stature Aristotelia serrata, Pseudopanax

(>6-m), low drought
tolerant treatment

arboreus, Pittosporum eugenioides
(n = 740 per species)

*Dacrycarpus cupressinum was initially planted as one of the late-successional species in

2019; however, due to almost complete mortality from drought conditions, each dead

individual of this species was replaced with one of the three other late-successional

species in the following year.





