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Sediment density flows are large scale disturbances that can have dramatic impacts on seafloor animal communities in the deep sea. Seafloor imagery collected in Kaikōura Canyon (New Zealand), before and after a sediment density flow event that included debris and turbidity flows triggered by a 2016 Mw 7.8 Kaikōura Earthquake, shows the recovery trajectory of the animal community in the canyon head in the weeks, months, and years following the disturbance. The canyon community appears resilient to this event, with models estimating full recovery within a minimum of 4.5–5.1 years and as long as 12 years. The implications of the resilience of this deep-sea community are discussed in the context of the local marine protected area, the surrounding fishery, and global seabed mining.
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1 Introduction

Disturbance structures all marine communities by freeing limiting resources (space, refuge, nutrients, etc.) and creating habitat heterogeneity, which influences succession and enhances biodiversity (Sousa, 1984; Willig and Walker, 1999; Sousa, 2001). Subaqueous sediment-density flows are one of the largest and potentially the most pervasive and persistent physical disturbances in the deep sea (Meiburg and Kneller, 2010; Talling et al., 2013; Azpiroz-Zabala et al., 2017; Bigham et al., 2021). Sediment density flows occur when the material in submarine landslides disintegrates and mixes with water creating high-density bodies of turbid water filled with suspended sediment that travel downslope beneath less dense water (Kuenen and Migliorini, 1950; Talling, 2014). Sediment density flows are complex and a single event can contain multiple flow types such as debris flows and turbidity flows (Haughton et al., 2003; Talling et al., 2007; Paull et al., 2018). As such, many terms and classification schemes have been proposed to differentiate flow types, although confusion around the use of these terms still occurs (Kuenen and Migliorini, 1950; Lowe, 1979; Talling et al., 2012). Here we will mainly use the term “turbidity flow” sensu (Kuenen and Migliorini, 1950) because it is the common overarching term used for sediment density flows in the ecological literature.

Turbidity flows occur worldwide and transport large volumes of sediment and associated organic matter across long distances, from the continental slope to the abyssal plain (e.g., the earthquake-triggered Grand Banks turbidity flow transported and deposited >175 km3 sediment across an area of 240 000 km2 (Piper and Aksu, 1987)). These flows impact the benthic faunal communities in their path across a range of spatial scales through both erosional and depositional processes. The immediate pulse-type of impact from the high velocity flows can entrain bottom substrates, leading to mass benthic mortality through dislodgment by erosion, and sediment smothering or transport and burial by sediment deposition as flow velocities wane (Young and Richardson, 1998; Oguri et al., 2013; Bigham et al., 2021). Longer term press-type impacts include persistent turbid waters which can form benthic nepheloid layers (distinct near-bed layers that contain elevated suspended sediment concentrations), which can also be derived from resuspension by secondary disturbances from storms or earthquake aftershocks (Kawagucci et al., 2012; Wakita et al., 2022). Prolonged elevated benthic turbidity can impair feeding and cause mortalities, especially for suspension and filter feeders (Rubenstein and Koehl, 1977; Schönberg, 2016; Abdul Wahab et al., 2017), and can delay an organism’s ability to colonize the disturbed patches of the seafloor (Clark et al., 2016) or even, in the case of aftershocks, cause additional mortalities of colonizing fauna (Heezen et al., 1964; Tyler and Ramirez-Llodra, 2002; Harris, 2014). Turbidity flows can also create completely new habitats in the deep sea by uncovering or creating new resources. For example, chemosynthetic communities, unique assemblages of organisms that are fuelled by reduced chemical compounds rather than photosynthetic detritus (Sibuet and Olu, 1998), will occur where there is enough decaying organic material to support reducing conditions (Gooday et al., 1990). Turbidity flows can transport labile organic matter into the deep sea (Stetten et al., 2015; Pruski et al., 2017; Gibbs et al., 2020; Hage et al., 2020) which can in turn initiate the development of reducing habitats, and thus chemosynthetic communities, both through the burial of large volumes of organic material and through exposure of methane-bearing sediments by erosion (Rathburn et al., 2009). In general, whether by transport of coastal and slope sediments, or exposure from down-cutting, turbidity flows can increase the availability of organic matter and create nutrient-enriched environments in the deep sea. The availability of this organic matter has been hypothesized to influence benthic communities at abyssal depths in the deep sea (Heezen et al., 1955).

While it is evident that disturbance from turbidity flows can have an impact on deep-sea benthic communities, it is less clear to what extent these communities are resilient to the impacts of turbidity flows. Here the definition of resilience used is Holing’s “ecological resilience” which refers to the amount of disturbance that a system can experience before changing to an alternative state (Holling, 1996) and considers both the community’s resistance (how similar it remains to the pre-disturbance state despite the disturbance (Walker et al., 2004)) and recovery (ability to return to pre-disturbance state (Folke et al., 2004)). Studies following the Mw 9.0 2011 Tōhoku Earthquake-triggered turbidity flow showed rapid recovery of the meiofaunal communities (Kitahashi et al., 2014; Kitahashi et al., 2016; Nomaki et al., 2016). In contrast, studies of ancient turbidity flows, hundreds to many thousands of years old, inferred that the impact of flows on mega- and macrofauna communities may still be detectable (Griggs et al., 1969; Huggett, 1987; Briggs et al., 1996). However, studies of older turbidity flows are often confounded by local patterns of organic matter input from surface productivity and/or terrigenous inputs that have occurred in the intervening time (Richardson et al., 1985; Richardson and Young, 1987; Thurston et al., 1994; Thurston et al., 1998). Many studies, even ones of more recent turbidity flows, lack sufficient pre-disturbance data and high temporal resolution post-disturbance data to disentangle the impacts of turbidity flows on benthic communities and assess their likely resilience to these disturbances (Galéron et al., 2009; van Gaever et al., 2009). Kaikōura Canyon off eastern New Zealand is the site of a recent and major earthquake-triggered turbidity flow, with the additional context of pre-event benthic data.

Kaikōura Canyon was identified previously as a globally significant benthic productivity hotspot due to an abundant macro- and megafaunal biological community with biomasses 100 times higher than other (non-chemosynthetic) deep-sea habitats below 500 m water depth (De Leo et al., 2010). The reasons proposed for such a hotspot include habitat heterogeneity, high food availability via channelling of pelagic and terrestrial organic matter, and physical disturbance from past submarine landslides and turbidity flows (De Leo et al., 2010). Kaikōura Canyon also supports a distinct meiofaunal community that is believed to reflect high food availability and high frequency of disturbance, and which contributes significantly to regional meiofaunal diversity (Leduc et al., 2014).

On 14th November 2016, the Mw 7.8 Kaikōura Earthquake triggered a 1-in-140 year highly complex “full canyon-flushing event” that reshaped the canyon floor and transported an estimated 850 metric megatons of sediment and 7.5 metric megatons of carbon through the canyon and out along the Hikurangi Channel (Mountjoy et al., 2018). This event included submarine landslides, and other local mass-wasting episodes, as well as debris flow and turbidity flows from the canyon walls and along the canyon floor. Comparison of pre- and post-event multibeam echosounder-derived bathymetric data showed that in some locations up to 50 m of the canyon floor was eroded, while deposition was apparently more localized and at most up to a few metres. Preliminary analysis of camera imagery collected 10 weeks after this event indicated that the turbidity flow had been catastrophic for the once productive benthic community on the canyon floor (Mountjoy et al., 2018). Repeat photographic transects were subsequently collected at previously sampled sites 10 months and 4 years after the event. With these data from before and after the turbidity flow, Kaikōura Canyon provides a unique opportunity to examine the resilience of benthic communities to such large disturbances in the deep sea over time scales of weeks to years.

The aim of the present study is to compare seabed megafauna community structure before and after the Kaikōura Canyon turbidity flow to determine the community response to the large-scale disturbance. The management implications for the Hikurangi Marine Reserve, which includes most of Kaikōura Canyon, and the region’s productive deep-sea fishery are considered, along with the potential of turbidity flows to be used as proxies for predicting the impacts of large physical disturbances caused by global deep-sea mining in the future.




2 Methods



2.1 Study site

Kaikōura Canyon is located off the northeastern coast of New Zealand’s South Island (Figure 1). The canyon is 60 km long, ranges in water depth from around 20 m to > 2000 m, is generally U-shaped in profile, and is the primary source for the 1500 km-long Hikurangi Channel, which transports erosional sediments from the Southern Alps to a distal abyssal plain. The head of the canyon cuts deeply into a narrow shelf, bringing it within 500 m of the shore (Lewis and Barnes, 1999). Photographic data used in this study were collected from the head of the canyon, near the beginning of the turbidity flow path and where significant erosion occurred (Figure 1).




Figure 1 | Location of photographic transects in upper Kaikōura Canyon overlayed on sediment density flow-induced bathymetry changes, following the November 2016 Mw 7.8 Kaikōura Earthquake. (A) Magnitude of erosion (red) and deposition (blue) within Kaikōura Canyon caused by the earthquake-triggered canyon flushing event, measured by the differencing the pre- and post-earthquake bathymetry data sets (Mountjoy et al., 2018). In this figure, the shelf break occurs where the pale blue bathymetry meets the gray canyon edge, generally around 80-100 m. The floor of the canyon ranges between 400 m and 2000 m. (B) Location of the time-series of towed camera transects (yellow lines) within the head of Kaikōura Canyon. The floor of the canyon in this figure ranges between 400 and 1200 m. Inset shows the location of Kaikōura Canyon (star) relative to New Zealand.






2.2 Image collection

Photographic surveys of the seafloor were conducted in Kaikōura Canyon from the R/V Tangaroa 10 years before the turbidity flow in November 2006 (De Leo et al., 2010), and 10 weeks, 10 months, and 4 years after the turbidity flow event in February 2017 (Mountjoy et al., 2018), September 2017, and October 2020, respectively. These surveys were all carried out using NIWA’s towed camera system, DTIS (deep-towed imaging system) (Hill 2009). DTIS is a battery-powered towed camera frame that records both high-definition video and high definition still images taken every 15 seconds. The downward facing still image camera resolution was 8 megapixels (Canon EOS 350D) in 2006 and 24 megapixels (Nikon D3200) in 2017 and 2020. Target speed and height above seafloor were 0.3-0.5 ms-1 and 2-3 m, respectively. Parallel lasers 20 cm apart were projected onto the seabed and used to calculate the seafloor area in each image. Five of the transects conducted in the 2006 survey at the head of the canyon were repeated during the subsequent voyages using the R/V Tangaroa’s dynamic positioning (Figure 1). Positioning of DTIS is monitored in real time using an acoustic ultra-short baseline (USBL) transponder system (Kongsberg HiPAP). Distance between repeated transects ranged between 0 and 50 m, and was mostly < 20 m. Transects varied in length between 1.02 and 1.52 km and were between water depths of 900 and 1200 m (see Table S4 for transect details).




2.3 Bathymetric data collection

Bathymetric data were collected using hull-mounted multibeam echosounders on the R/V Tangaroa 10 years before (Kongsberg EM300) and 8 months after the turbidity flow (Kongsberg EM302). Bathymetric data was also collected 4 years after the turbidity flow using a multibeam echosounder mounted on a HUGIN 3000 Autonomous Underwater Vehicle (AUV RAN; Kongsberg EM2040) deployed from R/V Tangaroa. Processed data were gridded at 25 m cell size resolution and exported to ESRI grid formats for use in ArcGIS Pro. From these grids, using the benthic terrain modeler package (Walbridge et al., 2018) seafloor terrain variables were generated: mean and standard deviation of depth, “Northness” (cosine of the aspect), “Eastness” (sine of aspect), seafloor ruggedness calculated as the vector ruggedness measure (VRM), mean, plan, and profile curvature, and mean and standard deviation of slope. All seafloor terrain variables were generated at five focal means (number of cells: 1 x 1, 3 x 3, 5 x 5, 15 x 15, 25 x 25), and standard deviations and ruggedness measures were calculated at grid sizes of 3 x 3, 5 x 5, 7 x 7, 15 x 15 for each focal mean. Due to AUV-collected bathymetry covering a smaller area than the shipboard multibeam it was not possible to get full overlapping coverage of all computed variables at all focal means for all times.

Pressure values were obtained from a SeaBird MicroCat Conductivity-Temperature-Depth (CTD) instrument (Model: SBE 37) attached to DTIS during each transect. The CTD took measurements at 15 second increments 10 years before, 10 weeks after, and 4 years after, and at 180 second increments 10 months after the turbidity flow. These pressure measurements were converted to depth in metres (+/- 0.01 m).




2.4 Image annotations

The online image analysis tool BIIGLE 2.0 (Langenkämper et al., 2017) was used to annotate all visible megafauna (invertebrates and fish > 2 cm; 40 labels), life traces of both epi- and infauna known as ‘lebensspuren’ (tracks, mounds, burrow holes etc; 20 labels), and substrate types (muddy sediment, dark grey sediment, blocky sediment, boulder, cobble, pebble, and bacterial mat; 7 labels) in all images for the five transects repeated at the four times (5,795 images in total). High densities of lebensspuren were noted in the canyon prior to the turbidity flow (De Leo et al., 2010). These biogenic structures provide insights into community function such as those related to bioturbation (turnover of sediments and nutrients) (Belley et al., 2010). Bioturbation is a critical controlling factor for oxygen penetration and organic carbon reworking in sediments (Meysman et al., 2006) and including the factor in analysis of community structure provides insight not otherwise attainable from the environmental metrics obtained from the bathymetry or imagery. The abundance of lebensspuren believed to not be associated with megafauna also annotated in the imagery (mounded and nested faecal casts and all dwelling traces except for elongated depressions; 9 labels, Table S2) were summed to represent “bioturbation” and included as an environmental factor in subsequent analysis (see below).

Visible fauna were identified to the lowest possible taxonomic level using standard taxonomic guides for the area (Tracey et al., 2011; McMillan et al., 2019) and with the assistance of taxonomists and para-taxonomists (see Acknowledgements). Some of the initial taxa identifications were combined to a higher taxonomic level before the final analysis to ensure consistency of identification across all times (Table S1). Best practices recommended for annotation labels of image- derived data were used where possible (Horton et al., 2021). Lebensspuren were identified using a regional guide ((Przeslawski et al., 2012); Table S2), and sediment substrates were categorized according to the Wentworth Scale (Wentworth, 1922). Counting the number of individuals or individual colonies was straightforward for most taxa, except for burrowing ophiuroids and the foraminiferan Bathysiphon filiformis. Burrowing ophiuroids were only partially observable, and so counts for this taxon were determined by dividing the number of arms observed above the seafloor by two, the number of arms typically observed above the sediment in aquaria studies (Hollertz et al., 1998). Due to large numbers of B. filiformis observed 4 years after the turbidity flow, total counts per image of this species for this time point were determined by making counts from subsets of the image. The images were gridded into nine equal rectangles (3 x 3 grid), and then a sub-set of four of the rectangles were randomly selected using a random number generator. All B. filiformis within the four randomly selected rectangles were then counted and the total number of individuals in the images four years after were estimated by scaling up from the subset (i.e., sum of B. filiformis in subset was multiplied by 9/4 = 2.25). Four rectangles was chosen as the number to analyze for its balance between sampling enough of the image and the amount of time necessary to obtain a reliable estimate of abundance (based on comparing counts of B. filiformis in each rectangle to the total number per image for those images taken before the turbidity flow).

Fauna abundances were standardized to 1 m2 of the seafloor and substrate area was standardized to percentage of the full image area prior to analysis.




2.5 Image data treatment

Only images from portions of transect that overlapped between surveys and with imaged seafloor areas between 0.5 and 2.5 m2 were selected from the five transects at the four times (2,768 images in total). The selected image area range was determined by first making plots of the numbers of taxa and individuals annotated per image by the area of each image (for transects collected 10 years before, 10 weeks after, and 10 months after the turbidity flow event). These plots were used to identify the area range where the two univariate community metrics were not influenced by the area of the image analyzed (Figure S1). Images outside this identified range were excluded to reduce any effect of seafloor area on the analysis, including to ensure that smaller organisms only detectable when the camera is close to the seafloor, or in later years when the camera quality improved, did not bias identification and abundance data. Data from 4 years after the turbidity flow event were not used to identify the seafloor area range to use for the data analysis because image analysis had begun before these data were collected.

The contiguous images along the transect were assigned to ‘sample groups’ with a maximum of ten images and a minimum of four images per group. Sample group membership was determined using a multivariate measure of pseudo standard error known as “MultiSE” (Anderson and Santana-Garcon, 2015) applied to the Kaikōura Canyon megafauna data. MultiSE evaluates the amount of variation in the position of group centroids in the space of the chosen dissimilarity measure (in this case Bray-Curtis) under repeated sampling. When applied to a series of sample group sizes MultSE can be used to determine when increasing the sample group size no longer results in greater precision (Anderson and Santana-Garcon, 2015). Creating sample groups allows for less computer intensive statistical analyses to be run while still accounting for variation along the transects as opposed to using data for every image in each transect. An alternative could have been to use average data for each transect; however, using average data would have caused issues for some of the selected analyses. For example, using the sample groups was necessary for running the DISTLM analysis (see below) because this analysis cannot be run if the ratio of variables to samples is too low (as would be the case with transect centroids).

Environmental variables derived from the bathymetry layers were extracted for each image based on the latitude and longitude of each image, and the average of these values was taken for each sample group. Water depth measurements derived from the CTD were assigned to each image or sample group (only done for 10 months after the turbidity flow when CTD sampling increment was larger and more aligned with sample group increments then individual image increments) based on timestamps associated with each image/sample group and the CTD measurements.




2.6 Statistical analysis

Unless noted, statistical analyses were carried out using routines in PRIMER 7 (Clarke and Gorley, 2018) with PERMANOVA + (Anderson et al., 2008).



2.6.1 Data treatment

Prior to running statistical tests, data transformation for down-weighting of abundances and the use of a zero-adjusted Bray-Curtis measure were applied to image level data. Down-weighting via transformation (square root or fourth root) lowers the influence of highly abundant taxa and makes the influence of rarer taxa to the community structure clearer (Clarke and Green, 1988; Clarke et al., 2006). Fourth root transformation was used for fauna abundances. The zero-adjusted Bray-Curtis measure adds a constant or “dummy species” of uniform abundance (1 individual) to all samples, which results in any comparisons between pairs of samples in which no fauna were recorded yielding zero dissimilarity. This method assumes such samples are that way for the same reason (Clarke and Gorley, 2018). This assumption is reasonable for samples in the Kaikōura Canyon time-series dataset because the samples with no records are primarily from the time point immediately after the turbidity flow and are assumed to be due to the disturbance.




2.6.2 Community structure

Variability in community structure through time was tested using main and pair-wise permutational multivariate analysis of variance (PERMANOVA). Sample group centroids were calculated from the zero-adjusted Bray-Curtis similarities between the transformed fauna abundances from the images providing similarity matrices for multivariate community structure data. The PERMANOVA was run on this sample group centroid similarity matrix with Type III (partial) sums of squares, unrestricted permutation of raw data and 9999 permutations. The results of this multivariate community structure analysis were visualized using three- and two-dimensional non-metric multi-dimensional (nMDS) ordination plots for fauna. The nMDS plots were made using data for sample group centroids and transect centroids. While the centroids allow for faster computation of tests, they also provide multiple ways of visualizing the data cloud and greater clarity of overall patterns. The RELATE, MVDISP, and PERMDISP routines were used to evaluate the patterns observed in the nMDS plot for sample group centroids and were therefore based on these data.

The recovery trajectory of fauna was evaluated with a RELATE test of cyclicity (Correlation method: Spearman rank (ρ), Number of permutations: 9999). This test measures how closely the fauna community structure through time matches a simple cyclical model (Ho: no cyclicity exists, ρ ≈ 0), i.e., community recovery towards original community state (Clarke and Gorley, 2018). Other patterns of recovery are possible, but in general communities follow a gradual progressive return to their original state that is described by a cyclical model (Holling, 1973).

The MVDISP routine determines the multivariate dispersion of the samples at each time point. This dispersion can be interpreted as the relative amount of heterogeneity or homogeneity at each time point and is an indication of a community’s response to disturbance, with higher variability being expected at disturbed sites (Warwick and Clarke, 1993). Permutational Analysis of Multivariate Dispersion (PERMDISP) (Number of permutations: 9999) was used to determine the significance of differences in the multivariate dispersion (Anderson et al., 2008). The SIMPER routine was run on all images and used to determine the contribution of the fauna to within and between community similarity for each time point. It was not possible to run the SIMPER analysis on the sample group centroids since both SIMPER and calculating centroids are run on the abundance matrix and generate a similarity/dissimilarity of the resemblance matrix (Anderson et al., 2008; Clarke and Gorley, 2018). Since centroids are not the same as averages (Anderson et al., 2008), the SIMPER analysis was done on the image level data to match the data used to generate the sample group centroids.




2.6.3 Environmental drivers

Distance-based multivariate linear regression models (DISTLM) were used to assess the relationship between environmental parameters and the faunal community structure for four of the five transects (the Gully site was not used because it lacked bathymetry data from the 4 years after time point). The DISTLM method creates regression models of the relationship between a multivariate data cloud and multiple predictor values (McArdle and Anderson, 2001). Correlation between environmental variables was checked before running the DISTLM using draftsman plots and correlation matrices. When Pearson’s r was >0.8 between variables, the variable which was correlated with the greater number of other variables was excluded from the analysis. If more than one variable correlated with others, the variable with the most correlations was kept and where possible the variable with the least missing data for the sample groups was kept (generally the variable with the smaller focal mean). In addition, variables with missing data for sample groups, primarily those variables at the larger focal means (25x25 and 15x15), were also omitted from the analysis. Values for the sediment and bioturbation variables derived from the images, except for muddy sediment, were transformed by log10(0.1+variable) to normalize their distribution. Following this process, 27 environmental variables (see bolded variables in Table S3) were used in a DISTLM for megafauna. The DISTLM was run with distance among sample group centroids as input data, stepwise variable selection, the Akaike Information Criterion (AIC) and 9999 permutations. Distance-based redundancy analysis (dbRDA) plots were used on sample group centroids to visualize the results of the DISTLM. dbRDA performs an ordination of fitted data based on the best model proposed by the DISTLM test (Anderson et al., 2008).





2.7 Predicting recovery

To estimate when the post-turbidity flow community in Kaikōura Canyon may recover to be similar to the pre-disturbance community, rates of recovery were predicted by fitting the observed similarities between the pre-turbidity and three post-turbidity communities to three common models of population growth [linear, exponential, logistic; (Lundquist et al., 2010; Solé et al., 2010)] using the generalized linear model and nonlinear least squares functions in R (R Core Team, 2022). Recovery in deep-sea habitats has been best modelled by a variety of population models (Barnthouse, 2004; Sciberras et al., 2018). Individual taxa within a community can display different population growth responses (McClanahan et al., 2007), and therefore to estimate the recovery of communities made up of many populations it is sensible to use a multiple population model approach. Studies generally consider a community recovered when it is no longer statistically different from the pre-disturbance or reference community (Bluhm, 2001; Jones et al., 2012; Wan Hussin et al., 2012; Jones et al., 2017). This recovery threshold has not yet been reached by the Kaikōura Canyon benthic community 4 years after the turbidity flow. Studies of shallow marine environments have found this point to be when the disturbed community is anywhere between 50 and 80% similar to an undisturbed community (Blyth et al., 2004; Smale et al., 2008). Rather than use an arbitrary similarity threshold, for the purposes of this predictive analysis it was assumed that the community could be considered recovered when it at least reaches the level of within-group similarity exhibited by the pre-turbidity flow community (i.e., 60%). That is, the difference between the average similarity of the post-turbidity flow community and the pre-turbidity community should be equivalent or greater than the variation expressed within the community before the disturbance. This recovery threshold is considered a minimum, and the level of similarity achieved when the pre- and post-turbidity are no longer significantly different may be higher.





3 Results



3.1 Community response to the turbidity flow

The Kaikōura Canyon megafauna community is recovering following the impact of the turbidity flow, though it is not identical in structure to the pre-disturbance community. This recovery is illustrated in multivariate ordinations of community similarity that show clustering of megafauna samples by time point (Figures 2A, B). The community was only 11-14% similar to the pre-disturbance community in the weeks and months after the turbidity flow, but by 4 years after the event, the community was 51% similar (Table 1). The recovery appears cyclical in nature in the ordination plots, though not yet complete, which is supported by the result of a test for cyclicity (ρ = 0.57, p < 0.01%). The community structure differed significantly between all time points (PERMANOVA, p<0.0001 for all comparisons, Table 2). Community variability (dispersion) (Figure 2A) was greatest 10 months after the turbidity flow (1.265), then decreased as recovery progressed towards the pre-earthquake community structure (, 4 years after: 0.628), and was significantly different between all time points (Pseudo-F = 40.721, P(perm) = 0.0001).




Figure 2 | Non-metric multidimensional scaling (nMDS) ordinations of megafauna community similarity 10 years before the turbidity flow event and at 10 weeks, 10 months, and 4 years after it. (A) using centroids of sample groups (clusters of images), and (B) using centroids of transects. The lines follow transects through time. Similarities were calculated from zero adjusted, fourth root transformed fauna abundances and all stress values are <0.2, indicating that the plots are acceptable representations of the similarity patterns.




Table 1 | SIMPER analysis results.




Table 2 | Main and pair-wise PERMANVOA tests results.






3.2 Individual taxa contribution to the observed community response

The foraminiferan Bathysiphon filiformis was the only taxon that contributed consistently to the similarity of the communities at each time point. This species was the highest contributor to community similarity both 10 years before and 4 years after the turbidity flow, contributing 60% and 91% of the within time point similarity, respectively (Table 1).

Community dissimilarity among time points was generally explained by two to five taxa. Bathysiphon filiformis had the highest contribution to all dissimilarities among times, except for between 10 weeks after and 10 months after the turbidity flow, when it was the second highest contributor behind Holothuroidea spp. Other taxa that contributed to the community dissimilarity included Astropectinidae sea stars, Mysida crustaceans, Echiura spoon worms, and the rattail fish Coryphaenoides subserrulatus (Table 1). Abundances for B. filiformis, Astropectinidae, Mysida, Echiura, and Ophiuroidea decreased in the weeks and months following the turbidity flow and then increased towards recovery 4 years after the event. However, only B. filiformis and Astropectinidae abundances increased above pre-event levels (Figure 3A). The two exceptions to the general trend seen in the key taxa were C. subserralatus and Holothuroidea spp. Abundance of C. subserralatus increased above pre-disturbance levels 10 weeks and 10 months after the turbidity flow before decreasing to around pre-turbidity flow levels by 4 years after the event (Figure 3B). While Holuthuroidea spp. abundances increased considerably 10 months after the turbidity flow and remained higher than pre-event levels by 4 years after the disturbance (Figure 3B).




Figure 3 | Line plots showing the change in abundance of key megafaunal taxa identified by the SIMPER analysis. (A) Primary pattern for five of the seven key taxa (B. filiformis, Astropectinidae, Mysida, Echiura, and Ophiuroidea); abundances decreased immediately after the turbidity flow but increased towards or above pre-event levels by 4 years after the event. The two exceptions to this pattern were (B) the rattail fish Coryphaenoides subserrulatus, which increased in abundance above pre-event levels 10 weeks and 10 months after the turbidity flow and Holothuroidea spp. which increased considerably in abundance 10 months after the turbidity flow and remained higher than pre-event levels by 4 years after the event. Scale for both plots is logarithmic.






3.3 Environmental variation related to the benthic community response

The best distance-based multivariate multiple regression model (AIC = 1953.6, R2 = 0.4910, RSS = 222,860) for megafauna included 18 environmental variables derived from bathymetry, physical oceanography, and imagery data, 14 of which were significantly correlated to the community structure (p-value ≤ 0.05) and explained 49.1% of the sample variation across all time points. The dbRDA visualization of this model is available in the supplementary material (Figure S2). Bioturbation and the standard deviation of water depth (FM: 3 x 3, GS: 3 x 3) explained most of the community variation (11.1% and 8.9%, respectively) (Table 3). Bioturbation and standard deviation of depth were much lower and higher (respectively) 10 weeks, 10 months after, and 4 years after the turbidity flow compared to 10 years before the event (Figure 4). While the depth (measured by the seafloor imaging vehicle’s onboard Conductivity-Temperature-Depth instrument), and substrate areas and lebensspuren (visible life traces of infauna used as proxy for bioturbation) were measured at the same spatial scale as the taxa, there was a discrepancy in spatial scale between the images (meter scale) and the multibeam echosounder-derived bathymetric variables (tens to hundreds of metres scale). This discrepancy may be why the regression model did not account for larger proportion of the total variation, although there are also other possible reasons for the model explaining only half of the variation in community structure across all time points (see Discussion). It must be noted that the highly correlated variables removed from this analysis could also likely explain the same variation in community structure; generally, the variables in Table 3 were correlated with the same variables at higher focal means.


Table 3 | DISTLM results.






Figure 4 | Scatter plots of the two most important environmental factors identified by the DISTLM analysis as influencing megafauna community structure. (A) Bioturbation (infauna-associated lebensspuren per m2) and (B) Standard deviation of depth (FM: 3x3, GS: 3x3).






3.4 Predicting the recovery of the megafauna community

Rates of recovery for the megafauna community were estimated using three different population growth models (linear, exponential, and logistic). These models estimate that the impacted benthic community could become as similar to the pre-disturbance community as the pre-disturbance community is to itself (60% within-group similarity) between 4.5 to 5.1 years after the turbidity flow. The shortest time to this predicted recovery threshold is modelled by both exponential and logistic growth and the longest is modelled by linear growth. However, achieving levels of similarity with the pre-disturbance community above this minimum threshold of recovery were predicted to take up to 12 years (Figure 5).




Figure 5 | Predictions of megafauna community recovery in Kaikōura Canyon. Three hypothetical models of population growth (linear, exponential, and logistic) were used to predict the time to community recovery for the Kaikōura Canyon megafauna community (i.e., indicated by the grey area on the plot, where the lower threshold is defined by the 60% within-group similarity of the pre-turbidity flow community; see Methods for detailed justification for recovery threshold).







4 Discussion



4.1 Impact of the turbidity flow on megafauna community structure

The benthic megafauna community in Kaikōura Canyon was not resistant to disturbance caused by the 2016 Kaikōura Earthquake-triggered turbidity flow, but it appears that the community is resilient because it has begun to recover. Preliminary examination of seafloor imagery taken 10 weeks after the turbidity flow in the canyon suggested that the highly productive deep-sea community had been “wiped out” (Mountjoy et al., 2018). However, a full analysis of these images in the present study showed that while the community was very much affected by the benthic disturbance, occasional patches of the foraminiferan Bathysiphon filiformis were observed, as well as white bacterial mats similar to those observed at methane hydrate seeps (Baco et al., 2010), and there was a notable increase in abundance of small rattail fish, particularly Coryphaenoides subserrulatus, at 10 weeks after the event. At 10 months after the benthic disturbance event, the primary fauna were a large number of small holothurians, along with the highest abundance of rattails, primarily C. subserrulatus along with juvenile Coelorinchus spp., observed over the whole the study period (Figure 6C). Four years after the disturbance, the community appeared similar to the pre-disturbance community. However, while several key taxa, such as B. filiformis and Astropectinidae sea stars, were still present, they had become the dominant fauna and were observed at higher abundances than before the turbidity flow (Figure 6D). Furthermore. some pre-event fauna had not returned (e.g., ophiuroids, visible in Figure 6A but not in 6D) while other fauna observed were unique to this study’s final time point (e.g., sea pens, although not pictured in Figure 6). These findings were supported by the cyclicity correlation test, which indicated recovery was occurring but has not been fully achieved, and by the sample dispersion values, which were lowest 4 years after the event due to an increase in community homogenization over time since the disturbance.




Figure 6 | Seafloor images taken at the same location in Kaikōura Canyon at times before and after the earthquake-triggered turbidity flow illustrating relative changes in the occurrence and abundance of megafaunal taxa. Scale bars (white line) in all images are 20 cm. Images include annotations. Key: blue dots = B. filiformis, magenta dots = burrowing ophiuroid arms, red dots = single burrow, pink rectangles = fish, yellow dots = Mysida crustaceans, dark pink circles = oblique burrow, green circles = rattail feeding marks, cyan circles = large depressions, purple outline = dark grey sediment, green dots = burrow with grey sediment, light pink circles = sea star resting marks, orange circles = sea stars.



The foraminiferan B. filiformis is a key organism for understanding the recovery dynamics from the turbidity flow in Kaikōura Canyon. Bathysiphon filiformis were present at all sample times and contributed significantly to the similarity patterns among times. Abundances for B. filiformis 10 weeks after the turbidity event were approximately a hundredth of what they were prior to the event (10 years before: 178.51 ind. per m2, 10 weeks after: 0.7 ind. per m2) but had increased to greater than pre-event abundances by 4 years after the turbidity flow (581.58 ind. per m2). This finding may indicate that the canyon is still in a relatively early successional stage, which is generally characterized by high abundances of early arrival taxa (Odum, 1969). Bathysiphon filiformis and other Bathysiphon species have been found in organic-rich and sometimes low oxygen environments, such as canyons, continental slopes, and methane seeps (Gooday et al., 1992; Hecker, 1994; Hess et al., 2005; Koho et al., 2007; Grupe et al., 2015; Sen et al., 2017), and in stratigraphic studies of turbidites (Crimes and Uchman, 1993; Saja et al., 2009; Grunert et al., 2013), and are considered an indicator of disturbance (Ortiz et al., 2011). As an early colonizer of disturbed environments, B. filiformis may be providing important substrate for small and larval fauna (Gooday et al., 1992) and promoting deeper oxygen penetration or reworking of surface organic carbon (Schaff and Levin, 1994).

High abundances of the rattail C. subserrulatus 10 weeks and 10 months after the turbidity flow, and juvenile Coelorinchus spp. 10 months after, are likely due to these mobile faunas being able to quickly return to the canyon floor habitat after the disturbance (Lefèvre and Bellwood, 2015). Similarly, an increase in fish activity described as a “feeding frenzy” was observed after the Loma Prieta earthquake in the Monterey Canyon (Okey, 1997). However, little is known about the timing of reproduction for C. subserrulatus (Neat, 2017), so an increase in individuals due to a local spawning event instead cannot be ruled out. The dominance of smaller rattail species [which eat benthic and benthopelagic macrofauna (Jones, 2008a; Jones, 2008b)] in the weeks and months after the event, while larger rattail species (which eat smaller fish along with macrofauna (Jones, 2008b)) had not returned until 4 years after, suggests challenges for animals feeding at higher trophic levels to find the necessary size or quantity of prey items after the benthic disturbance event.

While overall the megafauna community at the head of Kaikōura Canyon appears to be on the path to recovery, 4 years after the turbidity flow the response of specific taxa was variable. Some taxa such as echiurans (possibly the deposit-feeding echiuran Alomasoma nordpacificum noted as a biomass dominant in Kaikoura Canyon prior to the turbidity flow by De Leo et al., 2010, but physical samples were not collected so identification could not be confirmed) and mysids were present but at lower abundance levels than before the turbidity flow event, while other taxa (e.g., burrowing ophiuroids from the family Amphiuridae, an isopod species from the family Arcturidae, and an unidentified polychaete (Polychaete sp. 1)) had yet to return to the upper canyon site even 4 years after the turbidity flow. Furthermore, other taxa (including two unidentified polychaetes (Polychaete sp. 2 and Phyllodocidae sp.), two nemertean species (Nemertea sp. 1 and Nemertea sp. 2), sea pens, and the echinoids Brissopsis oldhami and Paramaretia peloria) were only observed at the final time point of the present study.

The burrowing ophiuroids and the Arcturidae isopods may not have returned yet because many species within the Amphiuridae family and the Isopoda order are brooders (Hendler, 1975; Hendler and Tran, 2001; Johnson et al., 2001; Tyler and Gage, 2020), meaning that eggs are retained by adults until hatching. Therefore, adult individuals would need to return and reproduce in the canyon before the population could re-establish. Conversely, free-spawning species, such as nemerteans and sea pens (Stricker et al., 2001; Pires et al., 2009; Servetto et al., 2013), which release free swimming larva into the water may have an advantage after a disturbance as both adults and juveniles can independently establish in the ‘opened’ habitat patches (Grassle and Morse-Porteous, 1987). Another reason that some taxa have not returned may be that other taxa that arrived sooner after the disturbance filled the same niche and outcompeted or prevented the previous taxa from returning (Sousa, 1979). This inhibition may be the case for Polychaete sp. 1, as there were two other unidentified polychaetes that were seen 4 years after but not 10 years before, which may have replaced Polychaete sp. 1. However, there were relatively few nemertean, sea pen, and new polychaete individuals observed, so data from future surveys would be necessary to determine whether or not they become established members of the benthic megafauna community.

In the case of the apparently unique presence of the echinoids B. oldhami and P. peloria 4 years after the turbidity flow, the observations of these taxa in the images may be more about the change in distribution of nutrients or oxygen in the sediments as an effect of the turbidity flow rather than the arrival of new species. Brissopsis oldhami were present in Kaikōura Canyon prior to the turbidity flow but only recorded below the sediment surface in sediment samples taken using grabs (De Leo et al., 2010). Studies of deep-sea imagery and modern ichnofacies (an assemblage of trace fossils that are indicative of habitat conditions) have shown shifts in echinoid foraging behavior in response to high quality food (Wetzel, 2008; Miguez-Salas et al., 2022). Natural sedimentation in the Conway Trough arm of the canyon has been estimated as high as 1.7 m (1000 yr)-1 (Carter et al., 1982), and sediments in Kaikōura Canyon are known to have higher organic matter content than surrounding regions (Leduc et al., 2014). In addition, tens of thousands of shallow terrestrial landslides, also triggered by the Kaikōura Earthquake (Dellow et al., 2017; Massey et al., 2020), may have increased riverine suspended sediment loads and direct sediment flux to the marine environment for a period after the earthquake (Croissant et al., 2019) along with the presumed transport of dead fauna and macroalgae from intertidal waters (resulting from uplift caused by the earthquake (Thomsen et al., 2020)) to deeper waters. Overall, a large amount of sediment and associated organic carbon would likely have been deposited on the canyon floor at the time or soon after the turbidity flow event. Further, oxygen levels are typically quickly depleted where oxidation of organic carbon occurs (Reimers et al., 1986) (Glud, 2008) and bioturbation is the most important vector for oxygen transport into sediments (Revsbech et al., 1980), so it would be expected that sediment oxygen levels would be reduced after the turbidity flow, when higher levels of organic carbon are present and lower levels of bioturbation are reworking the sediment (see below). Therefore, the presence of B. oldhami on the seafloor surface 4 years after the turbidity flow (and therefore in images taken by the towed camera) may be due to organic carbon being more readily available on the surface for deposit feeding and/or they might be avoiding lower oxygen levels at depth within the sediment even 4 years after the turbidity flow. Additionally, the influx of small epibenthic holothurians seen 10 months after the turbidity flow may also have been due to the increased organic carbon availability following the turbidity flow. The relative abundance of the holothurians 10 months after the disturbance rivalled that of all other key taxa (except for B. filiformis) at all time points. Similar holothurians have been seen in other canyon systems (ascribed to the Elpidiidae family (Rowe, 1971; Amaro et al., 2015)) where they have been linked to the presences of fresh phytodetritus (Amaro et al., 2015) with reproductive strategies that promote reproduction and recruitment in response to favorable food conditions (FitzGeorge-Balfour et al., 2010).

The presence of fauna not observed before the turbidity flow along with the absence of some taxa observed before the event may indicate that an alternative megafauna community state is forming at the head of the Kaikōura Canyon. Alternative stable states occur when the community crosses an alteration threshold - often attributed to large-scale disturbance (Scheffer et al., 2001) - and state-type shifts occur in species composition (Holling, 1973; May, 1977). However, whether the observed changes in the overall structure of the benthic community following the “full canyon flushing” event represent an alternative stable state rather than a path to the previously observed pre-event state, which itself could be a “relic of a former disaster” (87), remains to be determined by future sampling.




4.2 Time to recovery of the megafauna community

Estimates of the minimum time until recovery for the megafauna community in Kaikōura Canyon were between 4.5-5.1 years, although recovery could take up to 12 years if higher levels of similarity between a pre-disturbance and recovered community are used (e.g., 80%, Blyth et al., 2004) or observed when there is no significance difference between pre- and post-disturbed communities. Previous studies of modern turbidity flows have not focused on megafauna. However, indications of recovery and estimates of minimum time until recovery from the present study are longer than what has been observed in other modern turbidity flow studies of meiofauna (1.5 years; (Kitahashi et al., 2014; Kitahashi et al., 2016; Nomaki et al., 2016)). Recovery indications from the present study, however, are significantly shorter than studies of ancient turbidity flows, which have suggested impacts from the turbidity flows on mega- and macrofauna benthic communities were still observable hundreds to thousands of years later (Griggs et al., 1969; Huggett, 1987; Briggs et al., 1996).

One reason that Kaikōura Canyon megafauna do not fit the previous slow recovery paradigm may be because they are in the head of a physically active canyon in the bathyal zone (905-1190 m) rather than deeper abyssal, submarine fan environments (between 2900-5050 m) which have been the focus of previous studies on ancient turbidity flows. With increasing depth there is a decrease in abundance and size of organisms due to decreased nutrient availability and slower growth rates compared to shallower waters (Thiel, 1992; Rex et al., 2006), and it is therefore probable that communities in abyssal environments may be more susceptible to impact from large-scale disturbances (Radziejewska and Stoyanova, 2000; Stratmann et al., 2018). In addition, submarine canyons are high energy environments that are frequently disturbed by strong bottom currents, internal tidal mixing, and mass wasting events of various sizes (Fernandez-Arcaya et al., 2017), such that communities in these environments are expected to be resilient to physical disturbances on a range of temporal scales (Rowe, 1971). As already noted, full canyon flushing events in Kaikōura Canyon, like the example studied here, might reoccur at centennial intervals (Mountjoy et al., 2018) with smaller, more localized submarine landslides, debris flows, and turbidity flows occurring more often (Lewis and Barnes, 1999; Mountjoy and Micallef, 2018). This difference in disturbance regimes is important to keep in mind when considering our understanding of the broader impact of turbidity flows on deep-sea ecosystems, as many early studies were of distal abyssal, submarine channel, and distil fan environments which are only reached periodically by very large turbidity flows on millennial timescales (Bigham et al., 2021). As such, fauna at these distal sites will likely have experienced less pressure to adapt to regular disturbances than fauna undergoing more frequent disturbance at canyon heads. While beyond the scope afforded by the dataset of the present, there may well be a difference in the impact from the sediment density flow in the head of Kaikōura Canyon, where the primary disturbance was mass erosion, compared to further along the flow path in the Hikurangi Channel or the abyssal submarine fan where it would be expected that the disturbance would be more depositional in nature, and where historical disturbances are typically less frequent.




4.3 Changes in environmental factors and potential influences on megafauna community

Lebensspuren indicative of infauna (not directly counted as visible megafauna) were almost non-existent immediately after the turbidity flow and by 4 years after the event the abundance of these life traces was around half that of pre-disturbance. This finding may mean that the infauna community [such as the biomass dominant, mound building holothurian Molpadia musculus sampled by sediment grabs before the turbidity flow (De Leo et al., 2010)] may not be recovering as rapidly as the visible megafauna community and that even 4 years after the turbidity flow, organic carbon in the sediment is not being reworked by the infauna in the way it was 10 years before the event. As such, low rates of bioturbation may be preventing or slowing the recovery of some megafauna. For example, as discussed above, vertical shifts in urchin distribution may be related to the reduced bioturbation that would facilitate organic carbon and oxygen reaching deeper depths. Modelling of the influence of environmental variables on the megafauna community identified ‘bioturbation’, a factor calculated from the sum of infauna and faecal lebensspuren, as the most important variable. However, it is also possible that the correlation was just coincident with the changes brought about independently in the infauna. Future studies focused on the infauna will hopefully resolve these speculations.

Though the overwhelming change to the seafloor bathymetry at the head of the Kaikōura Canyon was erosional (10s of metres of sediment removed (Mountjoy et al., 2018), the imagery of the seafloor 10 weeks after the event showed a relatively smooth seafloor characteristic of freshly deposited material (for a field of view of between 0.5 and 2.5 m2). This apparent deposition of sediment may be due to the complex nature of turbidity flows and other components of sediment density flows (Maier et al., 2019; Ge et al., 2022), subsequent sediment deposition from small landslides caused by after-shocks (Völker et al., 2011), or the naturally high sedimentation rate within the canyon driven by the combination of oceanographic processes such as along-shore drift, tidal flows, wave-resuspension, and seaward sediment advection (Thiel, 1992). In general, the turbidity flow increased the rugosity of the canyon floor by increasing the variability in the slope and depth, and from visual observations apparently dislodged large blocks of angular sediment and exposed or redeposited boulders and gravel. These more rugged terrain features were still evident at least 10 months after the disturbance event. While rugged terrain has been identified as a significant environmental factor in structuring faunal communities in other deep-sea environments (du Preez et al., 2016; Post et al., 2017; Gutt et al., 2019), it has typically been due the presence or absence of rocks and other hard substrates. In Kaikōura Canyon there was no evidence of unique fauna associated with the exposed boulders and cobbles on the seafloor, and taxa observed throughout the surveys were all soft sediment taxa. One unique feature observed only 10 weeks after the event was small patches of white bacterial mats, probably indicative of reducing conditions associated with elevated levels of available organic carbon (Baco et al., 2010). These short-lived mats were similar to those seen between 5 months and 1.5 years after the Tōhoku Earthquake-triggered turbidity flow in the Japan Trench, which were fuelled by the breakdown of megafauna carcasses (Tsuji et al., 2013). Despite the presence of hard rocky substrates and bacterial mats soon after the turbidity flow, by 4 years post-event the substrate of within Kaikōura Canyon was predominantly muddy sediments as it was before the event, presumably due to the naturally high sedimentation rates within the canyon.

Overall, the modelling of the influence of environmental variables on the benthic community only accounted for half the variation in the community structure over time, which may be because other unmeasured environmental factors were responsible for the recovery process. These may include: (1) non-local environmental factors that influence recruitment (i.e. larval dispersal) including the distance to nearest undisturbed patch and currents (Lundquist et al., 2010); and, (2) the unmeasured chemical conditions of the sediments and/or overlying water column which can be influenced by infauna bioturbation rates as well as subsequent sediment remobilization by aftershocks or slope instability (14).




4.4 Management implications

Many submarine canyons support important deep-sea ecosystems but are subjected to impacts from human activities including fishing, dumping of land-based mine tailings, oil and gas extraction, and litter. As such, some canyons have been designated marine protected areas to conserve their important ecological function (Fernandez-Arcaya et al., 2017). Kaikōura Canyon was designated a part of the Hikurangi Marine Reserve in 2014 due to recognition as a benthic productivity hotspot (De Leo et al., 2010) and of the wider ecosystem services it provides (Fernandez-Arcaya et al., 2017). The reserve is the deepest and largest of New Zealand’s marine protected areas on the main islands, and the only one that protects a deep-sea submarine canyon. The full canyon flushing event triggered by the 2016 Kaikōura Earthquake could have impacted the conservation efficacy of this reserve. While the megafauna community in the canyon head is showing clear signs of recovery, the community is yet to reach full recovery 4 years after the event. As such, it is not yet certain whether or not the ecosystem services once provided have returned. The original community may have had a high degree of functional redundancy, and so the return of some taxa may not be critical for maintaining previous functions (Tilman and Downing, 1994). However, previous functions mediated by bioturbation, which apparently remains reduced, have probably yet to fully return. Furthermore, the decreased local diversity and abundances of the megafauna community currently observed during the recovery phase means that the functional redundancy of the benthos is likely much reduced. This likelihood in turn makes the canyon’s benthic community, and thereby the marine reserve’s efficacy, vulnerable to further impact from subsequent perturbations until full recovery is achieved (Rosenfeld, 2002). Anthropogenic and environmental disturbances are increasing in many ecosystems (Oliver et al., 2015), and the seafloor communities in Kaikōura Canyon will not be immune from such disturbances; for example, riverine sediment input is increasing in other parts of New Zealand due to increased rainfall and land erosion because of climate change (Crozier, 2010). Additionally, while bottom trawling is not allowed in the reserve, it does occur in the surrounding areas (Ministry for Primary Industries, 2022) and studies elsewhere have shown that nearby bottom trawling can focus and increase sedimentation within submarine canyons (Puig et al., 2012; Paradis et al., 2018). Therefore, additional protection of the benthic communities surrounding the reserve may be needed while the full ecosystem services provided by the communities of Kaikōura Canyon are re-established.

Despite the increase in abundance of small and juvenile rattail species in the weeks and months after the turbidity flow, few large rattail species or other fish were observed by the end of the study, which may indicate a temporary decline in the upward trophic movement of organic carbon in the canyon. This potential impact on trophic pathways may be the reason why sperm whales – an important tourist attraction nationally - were absent from the upper canyon and had moved to nearby canyon and gully features to forage for pelagic prey (squid and demersal fish (Gaskin and Cawthorn, 1967)) for up to a year after the turbidity flow (Guerra et al., 2020). This decline may have also impacted local fisheries, if rattail abundances and sizes are reflective of other benthic and benthopelagic feeding fish. A number of demersal fish species – which are generally carnivorous, feeding on crustaceans, squid, and fish smaller than themselves (Rosecchi et al., 1988; Connell et al., 2010) - are caught in both recreational and commercial fishing around Kaikōura Canyon (Francis, 1979; Doonan and Dunn, 2011; Parker et al., 2011), with rattails being a common New Zealand-wide bycatch species (Ballara et al., 2010).

Debris and turbidity flows create large-scale erosional and depositional disturbances, and thus, could be considered as proxies for some anthropogenic disturbances, such as deep-sea seabed mining. Estimates from this study put recovery of the megafauna community in Kaikōura Canyon within a minimum of 4.5-5.1 years and as long as 12 years. This prediction indicates that the community is likely to be relatively resilient to large-scale disturbances from turbidity flows, which is encouraging for the long-term efficacy of the Hikurangi Marine Reserve. However, studies looking at the small-scale experimental impact of seabed mining type activity on deep-sea fauna have found that megafauna communities can take up to 3-7 years before showing signs of recovery (Bluhm, 2001) or show no signs of recovery two decades after the simulated mining event (Jones et al., 2017). However, there are a number of reasons why the estimate of community recovery from the turbidity flow in Kaikōura Canyon is not a useful proxy for understanding recovery from deep-sea mining. First, locational variation in environment and fauna will play a part in the observed differences in recovery rates noted above (as already discussed), and this difference between indications of benthic community resilience is also likely due to discrepancies in the scale of the two types of disturbances. Erosion and deposition of sediment by the sediment density flow was on the scale of metres to tens of metres (Mountjoy et al., 2018), much greater than the tens of centimetres to metres of erosion (Levin et al., 2001) and millimeters of deposition (Thiel et al., 2001) that are expected to occur from seabed mining. The minimum areal extent of the impact from the turbidity flow in Kaikōura Canyon was approximately 220 km2 (Mountjoy et al., 2018), which although it is comparable to the hundreds km2 per year impacted area envisaged for manganese nodule mining in the abyss (Ardron et al., 2019) seabed mining is expected to occur over successive and multiple years, and therefore it may ultimately extend hundreds to thousands of square kilometers (Smith et al., 2008). Large areas of disturbance can take longer to recolonize than smaller ones (Bluhm, 2001). Furthermore, some areas of Kaikōura Canyon were untouched by the disturbance and thereby provide refuge for fauna, and potential sources for faunal recolonization of impacted areas. Commercial mining disturbance is generally expected to be more contiguous than the impact of a turbidity flow, although some mining plans do envisage leaving refuge areas (Wedding et al., 2013). Nonetheless, re-suspension and subsequent settling of sediments via the mining vehicle and tailing plume will cause widespread disturbance on surrounding unmined benthic habitats, potentially dispersed up to hundreds of kilometers away (Sharma et al., 2001; Smith et al., 2008).

In conclusion, the megafauna community visible in seafloor imagery from Kaikōura Canyon appears to be a resilient to the 2016 Kaikōura Earthquake-triggered turbidity flow. That is, four years after the event the community has somewhat recovered and is now similar to the once highly productive community present before the turbidity flow. Simple population growth models predict that the community could fully recover in a minimum of 4.5 years, although full recovery may take up to 12 years after the disturbance. Future sampling at the same sites remains key to ascertain if the community is on a trajectory to an identical pre-earthquake state or developing an alternative state. Analysis of the visible lebensspuren suggests that the infauna has been impacted more by the turbidity flow and that recovery is not as advanced as for the megafauna. Additional research focused on the infauna will further resolve this provisional observation. While the results of the present study are encouraging for the long-term efficacy of the Hikurangi Marine Reserve, some supportive management actions may still be warranted. Questions remain about the impact of the turbidity flow on the local demersal fishery. And finally, findings from the studies of impacts on benthic communities by turbidity flows are not readily transferable to understanding about the impact of future deep-sea mining.
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PERMANOVA test results for the differences between times for megafauna community
structure. Pseudo-F statistic = multivariate analogue to Fisher’s F statistic; ratio of the between
cluster variation to the within cluster variation. t-statistic = ratio of the difference in group
means to the pooled standard error. P(perm) = permutation P-value.
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DISTLM results for the sequential tests for the megafauna community structure. Only variables contributing more than 2% to the community variation explained are listed. FM = focal mean, GS
= grid size, AIC = Akaike Information Criterion, SS = sum of squares, Pseudo-F = multivariate analogue Fisher's F test, p = p-value, Prop. = indicates the proportion of variation explained by each
variable, Cumulative Prop. = cumulative proportion.
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SIMPER analysis results indicating average within and between time point community similarity and the individual megafaunal taxa key to the within or between time point community variation
(contributing 70% or more cumulatively). Avg. Abundance is the untransformed average abundance of individuals per m’.
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