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Mapping ecosystem services in marine systems is difficult due to a lack of underpinning ecological data. The Ecological Principles Approach (EPA) was developed to link simple summary statements on how ecosystems function to ecosystem services and was further advanced into a mapping technique by aligning and weighting commonly available spatial datasets to generate maps of specific services. The objective of the present investigation was to validate a predicted map of biogenic habitat provision with empirical ground-truthed data. A survey was undertaken to assess the biogenic habitat structure at 56 sites in the Hauraki Gulf, New Zealand. Information on benthic biogenic structure was ranked from 1 to 5 relating to a combination of height and complexity. Rank groups were assessed for differences in predicted levels of service and the accuracy of supporting data. We found high agreement between the empirical observations and the model predictions: in areas predicted by the approach to have the highest levels of biogenic habitat complexity the habitat was typified by complex rocky reef communities and macroalgal forests. We showed that ecosystem services can be accurately mapped in marine systems at low cost and with modest data requirements, which further enhances the utility of this approach.
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INTRODUCTION

Describing the goods and services that ecosystems provide can facilitate environmental stewardship if it allows the general public to understand the links between the underlying functions of natural systems and human well-being (de Groot, 1992; Daily, 1997; Daily et al., 2000; Millenium Ecosystem Assessment [MEA], 2005). Focus on ecosystem services in coastal marine systems is particularly important given that they are affected by multiple and cumulative stressors (Breitburg and Riedel, 2005; Crain et al., 2008) and since supporting and regulating services are commonly overlooked relative to services related to food production or recreation. There are strong links between ecosystem functioning and ecosystem services at the habitat level (De Jonge et al., 2012), however, the mapping of ecosystem services is difficult in marine systems due to a dearth of underpinning ecological data and up-scaling methodologies (Drakou et al., 2017; Townsend et al., 2018). Spatial information on services is urgently needed to facilitate an understanding of the benefits, costs and trade-offs associated with different decisions in marine management (White et al., 2012; Böhnke-Henrichs et al., 2013; Lester et al., 2013). Furthermore, many countries have national and international statutory commitments to protect elements of the natural environment from which ecosystem services flow, e.g., the United Nations’ Convention on Biological Diversity (CBD) Aichi Target 111 and require knowledge on service provision and coverage. In shallow coastal systems, ecosystem service provision is often driven by predominantly benthic processes. For example, benthic primary production can exceed that of the water-column and the seabed can be both a source and sink of inorganic nutrients (MacIntyre et al., 1996; Sundbäck et al., 2003). Many of the marine species that are harvested as food are reliant on benthic habitats during their life cycle. Emergent structures that extend from the benthos into the water column provide complexity and vertical relief that can be utilized as refuge habitat for juvenile fish and invertebrates (Kamenos et al., 2004; Beaumont et al., 2007; Lohrer et al., 2018). This is thought to support lucrative fisheries by enhancing juvenile survivorship and the abundance of spawning stocks and harvestable size classes (Heck and Crowder, 1991; Perkins-Visser et al., 1996; Turner et al., 1999).

Mapping ecosystem services in the absence of habitat information remains a significant challenge and requires novel approaches. The Ecological Principles Approach (EPA) was developed to link simple summary statements on how ecosystems function to ecosystem services (Townsend et al., 2011). This was further advanced into a mapping technique by aligning commonly available spatial datasets (e.g., bathymetry, sediment charts, tidal, and wave data) to specific principles outlined by Townsend et al. (2011). The resultant spatial layers for the contributing principles were scored, weighted relative to one another, and combined to generate maps of specific ecosystem services (Townsend et al., 2014). Townsend et al. (2014) produced maps of ecosystem service potential for productivity, nutrient recycling and biogenic habitat provision. The maps were not fully quantitative, but were instead based on ranks indicating where levels of ecosystem services were expected to be relatively higher and lower.

The objective of the present investigation was to validate the biogenic habitat provision map produced by Townsend et al. (2014), and to shed light on the vulnerabilities of the ecosystem service mapping technique itself, by challenging the map outputs with empirical ground-truthing data. Details on how different levels of biogenic habitat structure were predicted are described in Townsend et al. (2014), but briefly: biogenic habitat structure refers to the array of features created by plants and animals that provides complex niche space in which other species live and shelter. Iconic habitats with high provision of biogenic structure include coral reefs, kelp forests and sponge gardens (Roberts et al., 2002; Byrnes et al., 2006; Miller et al., 2012), where many species, including fish and invertebrates, are found at different heights within the vertical biogenic relief. The EPA links specific attributes that support or hinder the provision of biogenic habitat including: (i) sediment type; as most biogenic structure formers, including large sponges and kelp, require stable substrates to attach to and are therefore predicted to be more common in rocky vs. gravel vs. muddy substrates, (ii) depth; as structure forming kelps are restricted to the photic zone and tend to be more common in shallower vs. deeper areas, (iii) currents; as key structure forming animals including sponges, pinnid bivalves and gorgonians are suspension feeders and are therefore predicted to be more common in areas of higher flow and water motion is also important for structure forming kelps, as it delivers nutrients and prevents sediment accumulation on blades, (iv) turbidity; as this negatively impacts primary production by structure forming kelps and can smother or clog the filter-feeding apparatus of structure forming animals.

In the original Townsend et al. (2014) study, a preliminary validation was attempted using empirical information from two inshore areas of the Hauraki Gulf. These initial results were promising but limited. Limitations arose because the data were only partially suited to the task, being collected for a different purpose and at a different spatial resolution to the service maps. A significant caveat was that the inshore areas where data were available had a limited range in map scores and were known to be impacted by high catchment sediment inputs. Thus, a more suitable and effective validation process was required to examine the map over a full range of scores, including clearer offshore waters, and where fit-for-purpose data could be collected to assess the maps at an appropriate resolution.

The purpose of this study was to: (i) collect empirical data to further examine and validate map output from the EPA and evaluate the model used to construct the maps in the outer Hauraki Gulf and across a wider range of biogenic habitat complexity, (ii) assess the accuracy of the underlying biophysical data used in the model by collecting empirical information on depth and sediment type, and (iii) examine the appropriateness of the model’s spatial resolution by looking at variation in habitat complexity within each 200 m × 200 m grid cell. The coastal waters of Great Barrier Island were selected to test the biogenic habitat model (Figure 1). Great Barrier is New Zealand’s 6th largest island and the largest in the Hauraki Gulf. Its marine area encompasses shallow and deep complex rocky reef communities, soft sediment plains and gravel beds (Roberts et al., 1986; Shears and Usmar, 2006). It is comprised of protected embayments and exposed areas; the south-western coast being subjected to some of the strongest tidal currents in New Zealand (Manighetti and Carter, 1999). The coastal marine area also covers relatively pristine sections and other places that are have been impacted by human activities e.g., benthic trawling.
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FIGURE 1. The map of biogenic habitat provision service produced using the EP Approach for the Hauraki Gulf, New Zealand, from Townsend et al. (2014). Great Barrier Island is shown in the black box in the center of the figure. Model scores ranged from a 1.1 to 12.3 across the Hauraki Gulf and were converted to alphabetized classes for relative importance to service provision from high (A, darkest shading) to low (F, lightest shading). The class ranges in Townsend et al. (2014) were modified by combining the original Class A and B (A = model scores >12; B = model scores 12–10) since these represented <0.04% of the 34,000 cells. The range adjustment categorized class A as model scores >10 and then divided classes evenly below: Class B, model scores 10–8; Class C, model scores 8–6; Class D, model scores 6–4; Class E, model scores 4–2; and Class F model scores below 2.



MATERIALS AND METHODS

Fifty-six sites were selected around Great Barrier Island for assessment of biogenic habitat structure in <50 m depth with varying sediment types (Figure 2). Sites collectively covered a range in model scores from 9.3 to 2.6 where higher maps scores (darker colors) corresponded to cells predicted to have higher levels of biogenic structure. Rank scores were divided into evenly sized classes and alphabetized: scores above 10 were in Class A, 9.99–8.00 were Class B, 7.99–6.00 were Class C, 5.99–4.00 were Class D, 3.99–2.00 were Class E and below 2 in Class F. The 56 sites selected were found within groups B–E, with none coming from the A group as locations where these occurred exceeded the depth capability of surveying equipment (16 sites in class ‘B’; 11 in class ‘C’; 13 in class ‘D’ and 16 in the class ‘E’). Classes B to E covered 99.8% of the model data, with only 0.05% of model cells classed as group A, and 0.15% in group F.
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FIGURE 2. Sites selected for empirical assessment (red dots) around Great Barrier Island, New Zealand, superimposed on the ecosystem service map of biogenic habitat. Sites cover a range of map scores and sediment types and are situated around the island. White spaces close to the shore indicate where biogenic habitat scores could not be calculated. This is due to an absence of data from one or more principle layers in the near shore environment.



The areas targeted for sampling were at the center of specifically selected 200 × 200 m model cells. To collect information on benthic biogenic structure, a drop-cam (Delta Vision Industrial HD) recording 1080/25FPS video was positioned ∼0.7 m above the seafloor as the boat drifted a distance ≥100 m at all sites. The drop camera was mounted with lights (Big Blue VL1800 LED), green scaling lasers (20 cm apart), and, at 0.7 m above the seabed, the field of view during the drift was ∼1 m wide. The drop-cam system was mounted with additional front-facing and side-facing GoPro cameras to enhance our data collection and habitat assessment capabilities. A sounder (Furuno FCV BBDS1) was used to record depth at the start and end of each transect and at regular intervals, and field notes were collected in real time while watching the live video display. Video footage was recorded using Blackmagic Design Media Express software and Blackmagic Design UltraStudio SDI. Transect speed was typically ∼1 km/h resulting in video durations of approximately 6 min for each site. All field sampling was undertaken in October-November 2015.

Once the video data had been secured, videos were reviewed more thoroughly. Biogenic structure was ranked according to (i) vertical height from the seabed and (ii) complexity. Vertical height was ranked on a scale from 1 to 5. Sites where biogenic structures extended ≥0.75 m into the water-column were ranked as 1, whilst sites where biological features were virtually absent were ranked as a 5. Similarly, a complexity ranking was applied based on the prevalence, shape and arrangement of biogenic features (e.g., kelp, sponge and/or complex mixed floral/assemblages scoring highly, especially when there were multiple biogenic layers beneath a tall canopy). Both height and complexity rankings were highly correlated (R2 = 0.80) and, therefore, combined into a single biogenic rank score (1–5) prior to use in subsequent analyses. In all cases, videos were reviewed ‘blind’ such that the model scores were unknown to the video assessor, to avoid biasing the assessments.

Video from each site was also assessed in terms of the degree of uniformity along the transect and categorized as either: Consistent where biogenic features were largely of the same type and size across the majority of the transect; Split where transects were divided into two distinct sections differing in biogenic height/complexity; or heterogeneous where biogenic features varied at multiple junctures along the transect length. For ‘split’ sites, habitat height and complexity were ranked on the habitat type that constituted a greater proportion of the transect, rather than averaging across high and low biogenic complexity. The predominant sediment type observed (rock, gravel, sand, or mud) and the minimum and maximum depths were recorded across each transect. Where empirical sediment and depth data were found to be different from that used in the model calculations (i.e., where a site was observed to be of a different sediment type or where a site was significantly deeper or shallower than the depth used in the model), model scores were recalculated. Analyses were performed on both ‘raw’ and ‘adjusted’ model scores.

Differences in biogenic model scores among the five biogenic structure categories were assessed using non-parametric Kruskal-Wallis tests (SAS 9.4). Multiple comparisons were analyzed using the Dwass, Steel, Critchlow-Fligner Method (Critchlow and Fligner, 1991). The direction of the relationship was assessed using Pearson’s correlation coefficients of median model scores and biogenic ranks.

RESULTS

Descriptions of the Habitats (Empirical Observations)

Biogenic habitats of rank 1 were dominated by high density kelp forest (80–100% of Ecklonia radiata) extending >1 m into the water-column (Figure 3). The kelp was typically attached to large boulders and rocks which provided additional relief and complexity upon which crustose coraline and mixed red algal turfs and large sponges (Ancorina, Raspalia, and Tethya) were observed. Fish were observed in different parts of the kelp canopy (pigfish Bodianus unimaculatus, spotties Notolabrus celidotus, occasional red moki Cheilodactylus spectabilis, snapper Pagrus auratus) and in the gaps between boulders. Deep sites (∼40 m) were dominated by sponges (Stelletta maori, Axinella australiensis, Pararhaphoxya sinclairi, and Iophon minor). These were highly complex in terms of shape and structure and typically extended 75 cm or greater into the water column.
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FIGURE 3. Examples of Biogenic habitat observed from video transect and the assigned ranking (R1–5).



Biogenic habitats of rank 2 were typically comprised of kelp forest, although the kelp plants were sparser and with lower canopy coverage relative to the rank 1, reducing the overall biogenic complexity (Figure 3). Some individual Ecklonia plants were still >1 m tall, but most were generally shorter. Several sites were dominated by other shorter macroalgal species (Caulerpa, Porphyra, Codium, and Carpophyllum) or sponges with vertical relief of 30 to 50 cm. Rank 2 sites were often deeper (mean transect starting depth of 28 m, relative to 12 m for rank 1).

Biogenic habitats of rank 3 were typified by a mixture of low-density sponges and soft sediment with a heterogenous topography from a mosaic of bioturbating species (Figure 3). Larger species extending from the sediment into the overlying water were present and included scallops (Pecten novaezelandiae), horse mussels (Atrina zelandica) with associated commensal epifaunal species (e.g., the solitary ascidian Styela clava). Other surface features included tubeworms (native fan worms; mixed species mats), shrimp mounds (Axiidae and Gebiidea), and bryozoan thickets (Galeopsis porcellanicus, Hippomenella vellicata c.f. Dennis Gordon) with vertical relief of ∼10 to 20 cm. Sites were typically heterogenous with a combination of hard and soft sediment habitats, ranging from small rocks, gravel, sands, and mud.

Biogenic habitats of rank 4 were almost exclusively fine soft sediment communities, with biogenic topography created from bioturbation and shell-hash. Biogenic features included the infrequent occurrence of ascidians or whelks on the sediment surface (Figure 3). Sponges were rarely observed, and when they occurred were small and sparse. Vertical relief from biogenic structures and sediment topography was estimated to be 4–10 cm, although typically at the lower end of this scale.

Biogenic habitats of rank 5 were generally lacking in biogenic features, and the sediment surface was instead largely uniform, lacking in complexity and characterized by shallow wave ripples (Figure 3). Biogenic structures were typically absent or <2 cm in height.

Raw Data

Sites that were assigned a rank of 1 (i.e., the highest structural complexity ranking based on the video data) generally came from areas with high map scores (i.e., high predicted biogenic habitat complexity), indicating a good match between empirical observations and mapped predictions. However, there was considerable variation in map scores within each of the five rank categories (Figure 4). Rank 1 had a maximum score of 8.7 and minimum of 3.6 (map classes B to E); rank 2 had a maximum score of 8.4 and minimum of 4.1 (map classes C to D); the rank 3 group had the overall largest variation in map scores, ranging from 9.5 to 3.3 (map classes B to E). Video transects that were ranked 4 or 5 consistently came from areas with the lowest map scores (averaging 2.5 and 3.1, respectively), although there were exceptions (as high as 8.2 and 8.1, respectively). Despite this variation, there were significant differences in the map scores across ranks (Kruskal Wallis, p < 0.0001) (Figure 4). From the multiple comparisons procedure, rank 2 could not be distinguished from rank 1, 3, or 5 and rank 5 from either rank 4 or 3 (Table 1). Rank 1 was the most distinguishable and was separated from all other ranks except for rank 2.
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FIGURE 4. Box whisker plot of modeled biogenic habitat provisioning scores, separated by the 5 ranks from video observations. The y-axis shows the numeric model scores with the alphabetized classes A–F. Error bars show the maximum and minimum biogenic habitat provisioning score for each video rank, dark-gray and light-gray boxes show the 25% and 75% quartiles respectively, away from the median line. Lowercase lettering at the top of the figure, w–z, indicates significant differences between rank classes based on the Dwass, Steel, and Critchlow—Fligner Method.



TABLE 1. Dwass, Steel, Critchlow-Fligner multiple comparison for model scores between biogenic habitat ranks (two-sided comparison) for raw data.
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Differences Between Underpinning Environmental Data and Empirical Data

At 11 of the 56 sites (i.e., 20% of those sampled), observations of general habitat characteristics were different than expected, given the underpinning environmental data used in the map predictions. This occurred when, for example, a ‘rock’ substrate type was used to make a map prediction, but the site was observed on video to be sand, gravel or mud substrate instead. Specifically, at eight sites, the sediment type of the underpinning environmental data did not reflect that observed in the video: two sites were observed to be rock but map scores had been calculated from sand, three sites were observed to either be gravel or sand but calculated as rock, and at three sites map scores were calculated from mud when they were observed to be either sand, gravel or rock. At three sites, the depths recorded during the videoed transect were different to those of the bathymetry layer from which map scores were calculated; even after conservatively accounting for variation in tidal state (+/−3.5 m): at one site the map score calculation used a depth of 5–20 m but was observed to be 33 to 45 m deep, at two sites the map scores were based on a depth of 20–35 m but were observed to be 40 and 15 m deep, respectively. The 11 sites with differences between underpinning environmental data and observed site characteristics were spread across the biogenic ranks: two each from ranks 1 and 2, three from rank 3, two from rank 4 and one from rank 5.

Adjusted Data

Following correction of the baseline data, the rank groups became more distinct from each other with respect to map scores (Figure 5). There was little change in mean map scores within each rank group, however, there was a reduction in outliers and a contraction of the 25/75% quartiles for rank 3 (Table 2 and Figures 4, 5). Again, significant differences in the biogenic habitat map scores were detected among ranks (Kruskal Wallis, P < 0.0001). Multiple comparisons differentiated all ranks from each other except for 4 and 5 (Table 3). The Pearson’s correlation between map scores (predicted) and biogenic habitat complexity rank (observed) was strong (R2 = −0.88, P = 0.049).
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FIGURE 5. Box whisker plot of adjusted modeled biogenic habitat provisioning scores, separated by 5 ranks from video observations. The y-axis shows the numeric model scores with the alphabetized classes A–F. Error bars show the maximum and minimum biogenic habitat provisioning score for each video rank, dark-gray and light-gray boxes show the 25% and 75% quartiles respectively, away from the median line. Lowercase lettering at the top of the figure, w–z, indicates significant differences between rank classes based on the Dwass, Steel, and Critchlow—Fligner Method.



TABLE 2. Comparison of the variation in modeled biogenic habitat scores by rank group for original and corrected data.
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TABLE 3. Dwass, Steel, Critchlow-Fligner multiple comparison for model scores between biogenic habitat ranks (two-sided comparison) for corrected data.
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Within Site Variability

At 47 of 56 sites, depth was recorded at both the start and end of the video transect. The median range in depth was 2.0 m, and 64% of sites had a depth range of 3.0 m or less. Eleven sites had a depth range greater than 10 m and five sites had a range >15 m in depth (11%) (Figure 6). Model scores were not adjusted at these sites, as the depth used in the calculation were within the range of depths measured.
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FIGURE 6. Range in depth from the start to the end of the 100 m transect for 47 of the 56 sites. For 9 of the 56 sites, only a single depth measurement was recorded.



Sites with large variation in depth typically started in shallow water, i.e., 5–10 m, transitioning into deeper water, i.e., 20–35 m. Rank 1 sites were shallow with a mean depth of 12 m and rank 2 sites deeper at 28 m. The lower ranked sites had mean depths between 35 and 38 m. Thirty-six sites (64%) were consistent in terms of habitat height complexity along the transects. Seven sites were heterogenous and 13 sites were classed as ‘split’; with a sharp transition between two distinct habitat types. Of these 13 sites, 10 occurred in the rank 1 group, which was the predominant transect type for this rank (67%). These sites consisted of rocky macroalgal habitats that dominated the majority of the transect but with sharp transitions into areas of sands or gravel. Rank 2 sites were dominated by heterogeneous transects (67%) and included multiple patches of rocky reef that were intermittently interrupted by sands and gravels. The Rank 4 and 5 sites were almost exclusively consistent in habitat height and complexity along their lengths (21 of 22 sites).

DISCUSSION

The ability to map ecosystem services and to identify areas of high or low service potential is necessary for this concept to be of practical use in marine management. If this can be done at low cost and with modest data requirements the utility can be further enhanced and widely applied. Nevertheless, it is important that such methods maintain acceptable degrees of accuracy and that the context and limits of use are identified and communicated (Rykiel, 1996). Here we tested the performance of the Ecosystem Principles Approach for mapping an ecosystem service, assessing whether the score predictions of the model reflected differences in observed biogenic habitat structure. Sites with a ranking of 1 corresponded with areas predicted by the EPA to have the highest levels of biogenic habitat complexity (Figure 5) and these were typified by complex rocky reef communities and macroalgal forests dominated by Ecklonia radiata. This habitat generated vertical relief in the water-column, typically 1m or greater, and had the highest average model score (median of 8.37). Ecklonia radiata is a well-known foundation species that supports invertebrates, other algae and fish (Dayton, 1975; Irving et al., 2004; Coleman et al., 2007, 2013; Morrison et al., 2014; Lohrer et al., 2018). Sponge gardens that generated large and complex three-dimensional structure off the seabed also occurred at rank 1 sites. A study by Shears and Usmar (2006) on the west coast of Great Barrier Island recorded many of the sponges observed in the present study. These authors recorded 20 fish species in this habitat type, including the commercially important blue cod (Parapercis colias), tarakihi (Nemadactylus macropterus), and snapper (Pagrus auratus). In contrast, sites with a ranking of 5 corresponded with the areas predicted by the EPA to have the lowest levels of biogenic habitat complexity (median of 3.95) and these were generally represented by flat homogenous sediments (Figure 3). While subtidal sands and muds can contain moderate to high levels of infaunal diversity, there was minimal vertical relief and few taxa visible in the video collected. This type of habitat may be important feeding grounds for some species of demersal fish and invertebrates (Langlois et al., 2006), but it does not provide high relief refugia or habitat for juvenile life stages. Across all groups there was a strong correlation between empirical rankings and average model scores (R2 = 0.8). This demonstrated that simple approaches to mapping ecosystem services, that divide areas in to lower and higher service potential, can be built on foundations of ecological understanding.

While the approach was satisfactory overall, there were discrepancies between map predictions and empirical observations that are worthy of discussion. Most of the discrepancies were linked to errors in the underpinning environmental data. Even when the best available environmental data layers are used, there will invariably be areas where interpolation is necessary, resulting in differences between predicted and actual environmental characteristics. As with all models, the predictions of map scores are dependent on accurate environmental data inputs. Importantly, however, our analyses suggest that the methods we used to map this service, specifically the scoring and weighting of ecosystem principles and the linking of them to spatial biophysical data, were appropriate. Model performance was improved further after correcting erroneous input data (Table 3 and Figure 5). The bathymetry and sediment information used were the best available data, but there is scope to increase the quality of both these layers in the future. The collection of high-resolution sea-floor images and advanced bathymetric data analysis are leading to the production of fine detailed maps of the seafloor. For example, combining quantitative sediment sampling with Multibeam echo-sounding (MBES) surveys can be a cost-effective way of updating both bathymetry and mapping sediments. Lamarche et al. (2011) demonstrated how fully processed backscatter data from MBES surveys were used to characterize the sediment environment over 8500 km2 in the Cook Strait, New Zealand. MacDiarmid et al. (2013) noted that 855,000 km2 of seafloor habitat had already been swath-mapped, although this was still only a small proportion of New Zealand’s EEZ (∼15%). Hauraki Gulf sediment information is being iteratively improved over time as new point source information is collected and integrated. Improved computing power means that spatial interpolation procedures are more sophisticated and nuanced relative to historical methods used in earlier sediment charts (e.g., Gregory et al., 1994).

The number of different habitat types within each rank group gives insight into how the biogenic habitat service can be generated. There were only a few ways in which to generate either high or low levels of the biogenic habitat service. High map scores were underpinned by a combination of conditions favorable for sedentary, habitat forming flora and fauna. These included strong currents (Crisp, 1960; Richardson et al., 1980; Frechette and Bourget, 1985; Frechette et al., 1989) which supply food/nutrients and remove waste products (Gili and Coma, 1998; Wildish and Kristmanson, 2005), shallow waters that provide higher production (Cahoon, 1999), and hard substrates on which organisms can attach and extend up into the water column (Townsend et al., 2014); these were the conditions that favored macroalgal forests around Great Barrier Island. Similarly, low model scores had to be generated through specific conditions: soft sediments where a higher proportion of organisms are found living within the sediment matrix rather than emerging into the water column, weak currents that are less favorable for sedentary suspension feeding organisms, and intermediate depths (i.e., deep enough to limit production, but not deep enough to avoid disturbance driven down from surface wind and waves; Grace, 1983; Gage, 2001), Thus, the majority of low scoring sites were 35–38 m deep, wave-rippled sands (Figure 3). In contrast, areas with intermediate levels of biogenic structure (rank 3) contained a variety of different assemblages (bryozoan thickets, Atrina beds, tube worm habitats and mixed algal meadows) and had a broad depth range of 3.5–51 m. Thus, there was a range of permutations in which intermediate model scores could be obtained. The low number of habitats with high levels of biogenic habitat provisioning suggests complex spatial and scaling relationships in need of further investigation. Habitat diversity can be a driver of regional biodiversity and functional composition (Hewitt et al., 2008), suggesting that the absolute magnitudes of service provision may be less relevant at a regional scale.

An important caveat of the biogenic habitat map was the variability in habitat structure within the 200 m × 200 m model cells. Although 64% of sites demonstrated steady height and complexity in habitat characteristics along the video transects, this still meant that 36% of the sites visited were not consistent; instead displaying sharp transitions or heterogeneity across different habitat types. This large proportion is likely influenced by the inclusion of cells with high model scores, and thus the sampling of multiple shallow rocky reef sites. Great Barrier Island has an intricate rocky coastline (McLintock, 1966; Hayward, 1973) and these shallow rocky areas are rarely uniform at this scale. This highlights that the sediment type and depths used in the 200 m × 200 m cells are the predominant characteristics, respectively, but that they do not necessarily express the range of conditions found. This also suggests that if accurate baseline data could be collected a finer resolution it would be possible to improve the resolution of the ecosystem service maps. A second caveat is that the prediction of ecosystem services based on ecological principles will not include the impacts of specific anthropogenic activities on service provision unless they can be built into the model. This may be the cause of some of the discrepancies between the predicted service scores and the habitats observed during the survey. The use of destructive fishing practices causes broad-scale change to benthic communities, killing large species and damaging or removing emergent biogenic structures (Thrush et al., 1998; Turner et al., 1999; Thrush and Dayton, 2002; Handley et al., 2014; Paul, 2014). This could contribute to some of the variation in model scores for lower ranked sites, i.e., sites that have been given a low rank because they lack biogenic features that have been destroyed, yet are still predicted to provide higher levels of service.

Resource managers in New Zealand and abroad are increasingly interested in incorporating ecosystem services into decision making and marine spatial planning (White et al., 2012). Maps that indicate areas of high and low service delivery are an important tool that can be combined with other spatial information (e.g., maps of biodiversity, locations of vulnerable species, migratory routes, areas of high seafloor disturbance, proposed reserve sites) and fed into prioritization software to facilitate decision making. The development of tools such as the Ecosystem Principles Approach of Townsend et al. (2011, 2014) is enabling the construction of ecosystem service maps in data poor areas at scales not previously possible; increasing the likelihood of this information being considered in decision making. While simple tools have limitations and can be improved upon, they may still benefit environmental stewardship if decisions would otherwise occur in an absence of information. New Zealand has national and international obligations associated with biodiversity and ecosystem services such as the CBD strategic goals and Aichi biodiversity targets, but currently little means of measuring progress. Similarly, the biodiversity strategy of the European commission requires Member States to map and assess the state of ecosystems services in their national territories2 and stop biodiversity loss. New approaches that expand knowledge on the provision and distribution of ecosystem services across marine environment may help in these processes (e.g., Geange et al., 2016). Our methodology is not limited to the study area or the provision of biogenic habitat and can be utilized elsewhere and for other ecosystem services. Nevertheless, for any location and for any service to which this may be applied, it is imperative that maps are validated and that their limitations identified prior to use. The work undertaken here improves confidence in the biogenic structure maps developed by Townsend et al. (2014) and indicates the promise of the underlying methodology of combining ecologically oriented Ecosystem Principles with spatial data on physical habitat characteristics for other services also. The more services that can be mapped, the greater the chance that we can spatially manage our marine areas to maximize ecosystem service delivery potential to the benefit of the general public.
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