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Our changing climate poses growing challenges for the effective management of marine life, ocean ecosystems, and the human communities that depend upon them. Which species are most vulnerable to climate change and where should science and management focus efforts to reduce these risks? To address these questions, the NOAA Fisheries Climate Science Strategy called for vulnerability assessments in each of NOAA’s ocean regions. The Pacific Islands Vulnerability Assessment (PIVA) project assessed the vulnerability of 83 marine taxa to the impacts of climate change. In a Rapid Vulnerability Assessment framework, this project utilized expert knowledge, literature review, and climate projection models to synthesize the best available science towards answering these questions. Here we: (1) provide a relative climate vulnerability ranking across species; (2) identify key attributes and factors that drive this vulnerability; and (3) identify key data gaps in understanding and mitigating climate change impacts to living marine resources. The invertebrate group ranked as most vulnerable and pelagic and coastal group ranked as least vulnerable. Sea surface temperature, ocean acidification, and oxygen concentration were the three main exposure drivers of vulnerability. This project ultimately advances our understanding of the research needs and the management options to both sustain marine life and seafood security in the Pacific Ocean and beyond.
 
[bookmark: introduction]Introduction
Climate change is occurring now, affecting our oceans and the species that depend upon it, including ourselves (Morley et al. 2018; Kleisner et al. 2016; Pinsky and Byler 2015; Pinsky et al. 2013) . Due to increasing sea surface temperatures and ocean acidification, decreasing oxygen concentration, and increased pollution, marine life now faces a range of stressors which negatively impact ecosystems and fisheries (Popova et al. 2016; Pandolfi et al. 2011; Morley et al. 2018). What is not clear is which species are most vulnerable to climate change and where science and management should focus efforts to reduce these risks (Marzloff et al. 2016). 

Our knowledge of climate change impacts to ocean ecosystems has been disparate, with studies focused on model species, or single-pressure impacts (Holsman et al. 2017). A synthesis of knowledge is needed to move past single-species, to an ecosystem-based approach to management (EBM) (Levin and Lubchenco 2008). By amassing climate change science across a range of species and environmental variables in a region, we can use the best available science now to anticipate which species are most vulnerable, and why (Holsman et al. 2017). This information is critically needed in order to prioritize ocean ecosystem management and research in an rapidly changing world  (on Climate Change, n.d.). IPCC 2014

To assess climate vulnerability in an EBM context, Rapid Vulnerability Assessments (RVAs) is one method for evaluating multiple impacts to ecosystems. RVAs can be used as a tool to gather existing knowledge through expert opinion and literature search, and thus to bring the best available science into a usable format for timely, science-based management, and to direct future research to fill knowledge gaps (Holsman et al. 2017). 
 
An RVA methodology to assess the vulnerability of marine life to climate change was first developed and implemented in the New England/mid Atlantic region (Morrison et al. 2016)Hare et al. 2016) and in 2015, the US National Oceanic and Atmospheric Administration (NOAA) Fisheries Climate Science Strategy called for a RVA to be deployed in each region (New England/Mid-Atlantic, Southeast, West Coast, Alaska, and Pacific Islands) (Link et al. 2015; (Busch et al. 2016). The Pacific Islands Vulnerability Assessment (PIVA) project implemented this practical and efficient tool and utilized expert knowledge, literature review, and climate projection models to assess the relative vulnerability of 83 marine species following (Hare et al. 2016). 

Here we (1) provide a relative climate vulnerability ranking across species; (2) identify key attributes and factors that drive this vulnerability; and (3) identify key data gaps in understanding and mitigating climate change impacts to living marine resources.


[bookmark: methods]Methods
[bookmark: taxonomic-scope]Taxonomic scope:
This assessment focused on 83 species from 6 functional groups (Fig ???. ) and 33 families (Fig ???.) across a wide range of geographies spanning US fishery management jurisdictions in the Central, West, and South Pacific Ocean (Supplementary Materials 1 - Species List). These species were selected based on regional expert opinion, as well as commercial and recreational catch records for their importance as food-fish, or cultural and conservation importance. The final selection of taxa also took into account representation and balance of key taxa representing important ecosystem function.
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Fig ???. Histogram of fish and invertebrate families included in the Pacific Islands Vulnerability Assessment (PIVA) 

Climate change vulnerability, as defined here,  is composed of both exposure variables and sensitivity attributes. 


[bookmark: exposure]Exposure
The term exposure as used in our rapid  vulnerability assessment measures how much a species is likely to experience a change in climate from some physical variable in its environment. Exposure variables were chosen specifically for the Pacific region and our taxa of interest, and they include:  temperature (surface, bottom), salinity (surface, bottom), ocean acidification (pH), mixed layer depth, precipitation, currents (magnitude, NS, EW), windstress (magnitude, NS, EW), surface oxygen, sea level rise, wave height, chlorophyll, and  productivity. These were selected based on local expert knowledge from a scientific of NOAA Pacific Islands Fisheries Science Center staff as the most relevant and available variables that would affect species in the Pacific Islands region. The exposure variable was tabulated into a binary relevance matrix for each taxa. The majority of these exposure variables were available in a global gridded format, facilitating the spatial matchup of exposure variables to the known distributions for particular species. Exploratory work on only examining an expert-derived subset (n=6) of exposure variables for each species was also undertaken for comparative purposes. 

The standardized anomaly for exposure variables available in gridded format was visualized as the spatial overlap in a species’ current distribution and the expected climate change in that region of the ocean. To obtain this measure, species distribution maps were obtained from online sources (OBIS; fishbase.net; sealifebase.net). The exposure variable global grids were then subset to species-specific regions using these distribution maps. These global grids of modeled exposure variables  were obtained  from  the NOAA Earth System Research Laboratory Climate Change Web Portal at https://www.esrl.noaa.gov/psd/ipcc/ocn/ (ensemble, RCP 8.5, 0.5 degree grids) where standardized anomalies of future climate change were calculated relative to historical values. This standardized anomaly represents the difference in the mean climate in the future time period (2006-2055) compared to the historical reference period (1956-2005), standardized by the de-trended interannual standard deviation for the historical reference period (1956-2005). In short, this represents, on a pixel by pixel basis, the projected amount of climate change in units of standard deviation. This particular standard deviation is reflective of the inherent variability of any particular exposure variable at this point in space (0.5 degree pixel) yet excluding the variability associated with any interannual trend. The latter point is critical since the standardized anomaly is intended to represent the nature of a large-scale interannual trend. The standardized anomaly was further examined with respect to the amount of change projected to occur and the historical pattern of variability (CV) in the 1956-2005 reference period, since these two components enter into the standardized anomaly calculation. This exercise was useful to better understand how the standardized anomaly value can be driven by both patterns of absolute change in an exposure variable and by patterns of historical variability, or lack thereof. It should be noted that downscaled data products were not pursued for this exercise since most of the taxa considered have large geographic ranges covering many degrees of latitude and longitude, and additionally there was need for consistent data products (e.g. ESRL climate data portal https://www.esrl.noaa.gov/psd/ipcc/ocn/) across all of the NOAA NMFS climate vulnerability assessments already undertaken and currently ongoing.

Pacific-wide exposure was considered in our final analysis; however spatial subsets of each exposure variable and taxa were created to better characterize the regional variability in exposure for the wide-ranging taxa. Four such subsets were created to examine exposure in the Hawaiian Archipelago, American Samoa Archipelago, Mariana Islands Archipelago (including Guam and Saipan), and a portion of the Pacific Basin that encompassed the Pacific Remote Island Areas (PRIAs) of Baker Island, Howland Island, Jarvis Island, Johnston Atoll, Kingman Reef, Palmyra Atoll, and Wake Island. The spatial domain for each of these subsets including the larger Pacific-wide domain examined are presented in Table 1. Note that exposure variable scoring tabulations did not take place over these entire spatial domains, but only where the spatial domain intersected the known distribution for a particular taxa. Individual summary visualizations were created for each of the spatial domain, taxa, and exposure variable combinations. Each summary included a pair of histograms which summarized exposure tabulations with respect to signage of projected perturbations relative to baseline (negative for decreases, positive for increases) and overall exposure combining positive and negative under the assumption that both types of perturbations could be assessed together (e.g. a large decrease or a large increase could be equally deleterious). The average exposure score was also calculated and included on the visualization.


Table 1. Table of geographic regions included in the assessment and their spatial extent  
	Spatial Domain
	Eastern extent
	Western extent
	Southern extent
	Northern extent

	Pacific
	90°E
	60°W
	60°S
	60°N

	American Samoa Archipelago
	180°E
	160°W
	20°S
	8°S

	Hawaiian Archipelago
	172°E
	145°W
	11°N
	36°N

	Mariana Archipelago
	132°E
	158°E
	10°N
	25°N

	Pacific Remote Island Areas
	154°E
	152°W
	5°S
	27°N


 
The count of geographic pixels within the distribution for a species that fell into the negative or positive anomalies (in bins of low, moderate, high, and very high) were tabulated following the bin definition from Hare et al. (2016). Mean ranking is a summary of the climate variable over the spatial domain of taxa of interest. This approach provides an objective scoring to the exposures for all of the combinations of taxa, spatial domain, and exposure variables, taking into account the spatial variability in the standardized anomaly across the range of each taxa. Exposure variables which were not available with globally gridded data products (e.g., wave height, sea level) are addressed in narrative form using best available scientific information (e.g., https://cmgwindwave.usgsportals.net for modeled wave height data, and https://podaac.jpl.nasa.gov/dataset/RECON_SEA_LEVEL_OST_L4_V1 for sea level height). The gridding, subsetting, tabulating, and visualizations of exposure variables were accomplished with automated shell scripts using subroutines in the free software package Generic Mapping Tools (Wessel et al. 2013). The code to perform these steps is available by the authors upon request.


[bookmark: sensitivity]Sensitivity
Sensitivity is a biological trait-based variable, and was informed by extensive literature review and expert opinion. Twelve sensitivity attributes were considered: habitat specificity, prey specificity, complexity in reproduction, sensitivity to OA, early life history survival and settlement requirements, dispersal of early life stages, sensitivity to temperature, population growth rate, stock size/status, adult mobility, spawning cycle, and ‘other stressors’. These 12 attributes are consistent within VAs across all NOAA regions (Supplementary Materials 2 - Sensitivity Attribute Definitions). Expert opinion was solicited during a 3-day facilitated workshop in March 2018 to score each species’ sensitivity attribute (Hare et al 2016). Expert scorers were aided by compiled Species Profiles ( Supplementary Materials 4 - Species Profiles) which summarized existing literature on the sensitivity attributes for each species. Experts scored sensitivity individually first, and then were engaged in discussion and allowed to modify scores based on the information from the group. Each species was assessed by five experts to obtain a robust distribution of scores. 


[bookmark: vulnerability]Vulnerability
Vulnerability to climate change for each of the taxa was informed by a synthesis of the exposure and sensitivity scores using a bootstrapping approach. Bootstrapping is a computer-intensive statistical technique to characterize uncertainty with no assumptions about the type of underlying distribution (e.g. normal distribution). The bootstrapping process consisted of resampling the tallies (with replacement) for each exposure factor and sensitivity attribute, then recalculating the component scores and vulnerability ranking for each species.  This was done 1,000 times and the results were tabulated and charted into bubble plots.  The bootstrap analysis was able to demonstrate the uncertainty in our point estimates of the vulnerability rankings and better illuminate issues that arise from using thresholds in the scoring process. The bootstrapping analysis was performed in the statistical programming language R and allowed the incorporation of variability in attribute scores to supplement the point estimates of vulnerability. Bubble plot visualizations of this variability were also created in R. The code to perform these steps is available by the authors upon request.


[bookmark: results]Results
All species ranked Very High in the overall exposure component of vulnerability when all exposure variables were considered together. These high rankings were driven by three dominant factors which are: (1) oxygen concentration, which is expected to decrease across the Pacific; (2) rise in sea surface temperature; and (3) increase in ocean acidification (surface pH).  Exposure score values should be considered for both the projected absolute change in a particular variable as well as how the historical variability can influence the standardized anomaly. For example, with exposure variables that exhibit very little historical variability a very slight offset in absolute value projected for the future can translate to a relatively large standardized anomaly when dividing by a very small historical standard deviation. The high exposure scores for ocean acidification (surface pH) and surface oxygen should be noted with the caveat that the projected changes for the future are relatively slight for all taxa considered. Across all taxa the maximum projected changes in value for surface pH and surface oxygen are -1.37% and -2.26%, respectively. Some exposure variables such as current velocity and precipitation exhibit substantial historical variability which tends to dampen the exposure score for these variables even when quite high changes in magnitude are anticipated. Some exposure variables such as surface pH, surface oxygen, salinity (both surface and bottom), and surface temperature all have a relatively smooth spatial signals across the Pacific and the differential taxa-specific exposures that would be expected, commensurate with unique spatial distributions, are not clearly apparent. Other exposure variables such as mixed layer depth, bottom temperature, productivity, and chlorophyll exhibit the expected relationship of higher exposure scores with higher negative or positive perturbations relative to historical values. This contrast in scoring results highlights the importance of a taxa-specific matching of distributions and exposure fields, which this vulnerability exercise accomplished as an improvement over the established protocol. Distributions in this exercise ranged from archipelagic endemics to circumglobal making it difficult for experts to glean scoring information from simple exposure variable maps. The automated subsetting and tabulation of exposure fields therefore allowed an objective exposure scoring to take place.



[image: figures/Scatter3/Scatter3.png]
Fig. 3. Exposure scores for 12 variables. Color codes are for each species group, and size of bubble represents the magnitude of exposure.  
Exposure scores also relate closely to the spatial domain examined over the distributional range of a particular taxa. For example a sequence of bottom temperature exposure summaries are presented for Scalloped Hammerhead shark (Sphyrna lewini). The overall Pacific exposure shows a mixed result of scores for this variable (Figure ???), which can then be further understood by examination of the four subset domains (Figures ???). Note that some scores for this exposure variable are both positive and negative, indicating that temperature perturbations can be both increasing and decreasing relative to baseline reference levels. In this example, most areas within the distributional range for this taxa are projected to warm in the future, but some areas will experience very little change or even experience some moderate cooling. These bidirectional effects are combined in the upper right panels of the exposure visualizations, with the star on the x-axis representing the average score on a low, moderate, high, very high scale combining both positive and negative scores. In this example we can see that the overall exposure score for Scalloped Hammerhead shark in the Pacific is likely between moderate and high, considering all areas of distribution for this taxa.
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Fig. 4. Bottom temperature exposure summaries for Scalloped Hammerhead shark over the Pacific region.  
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Fig. 5. Bottom temperature exposure scores for Scalloped Hammerhead shark in the Mariana Archipelago 
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Fig. 6. Bottom temperature exposure scores for Scalloped Hammerhead shark in the Hawaiian Archipelago 
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Fig. 7. Bottom temperature exposure scores for Scalloped Hammerhead shark in the American Samoa Archipelago 
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Fig. 8. Bottom temperature exposure scores for Scalloped Hammerhead shark in the Pacific Remote Island Areas 

Biological sensitivity point estimate means ranged between Low and Very High (Supplementary Materials 3 - Species Narratives). Functional groups that encompassed larger bodied species generally shared similar sensitivity scores, whereas the groups with smaller and site attached species were more differentiated in scores.  


[bookmark: pelagic]Pelagic: 
Biological sensitivity ranged from Low to Moderate for pelagic species (Fig .  ???
The slender armored and striped marlin ranked higher in sensitivity because of their low stock size score  (Supplementary Materials 3 - Species Narratives)
???
[image: figures/PIVA-exposure-factors-by-stock-draftV2/Slide1.png]
???Pelagic vulnerability scores composed of sensitivity and exposure variables ??? 
[bookmark: sharks]Sharks:
For sharks, sensitivity ranged from Low to High. The Oceanic White Tip (Carcharhinus longimanus), Scalloped Hammerhead (Sphyrna lewini), and Silky Shark (Carcharhinus falciformis) were ranked higher in overall sensitivity because both population growth rate and stock size status were of concern (Supplementary Materials 3 - Species Narratives).
Fig ??????
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??? Sharks vulnerability scores composed of sensitivity and exposure variables  
[bookmark: deep-slope]Deep slope: 
For deep slope species, sensitivity ranged from Low to Moderate, with the Deep-Water Red Snapper (Etelis carbunculus), Hawaiian Grouper (Hyporthodus quernus), and Slender Aromorhead (Pentaceros wheeleri)being most sensitive in the group. These higher scores were due in part to temperature sensitivity and low population growth rate for Hawaiian Grouper, and to concern of small stock size for the Slender Armorhead. Most sensitivity attributes ranked High for Deep-Water Red Snapper (Etelis carbunculus) (Supplementary Materials 3 - Species Narratives).  
Fig ???.
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Fig 11. Deep slope vulnerability scores composed of sensitivity and exposure variables  
[bookmark: coastal]Coastal: 
All coastal species ranked Low in overall sensitivity.  This group was made up of only six species, and their component sensitivities all ranged from Low to Moderate, with only Bonefish (Albula glossodonta), Threadfin (Polydactylus sexfilis), and Greater Amberjack (Seriola dumerilii) sensitivity attributes falling in the Very High category for any component score (Supplementary Materials 3 - Species Narratives). 
Fig ???.
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??? Fig. 12. Coastal vulnerability scores composed of sensitivity and exposure variables  


[bookmark: coral-reef-jack-emperors-groupers-and-snappers-jegs]Coral reef Jack, Emperors, Groupers, and Snappers (JEGS):
Coral reef JEGS sensitivity ranged from Low to Moderate, with most species falling in the Low category. The Black-tip Grouper (Epinephelus fasciatus) and the Whitesaddle Goatfish (Parupeneus porphyreus) stood out as more sensitive because of complexity in reproduction, specialized early life history requirements, and sensitivity to temperature for the Whitesaddle Goatfish (Supplementary Materials 3 - Species Narratives).
Fig ???.
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Fig. 13. Coral reef Jack, Emperors, Groupers, and Snappers vulnerability scores composed of sensitivity and exposure variables 
[bookmark: coral-reef-parrotfish]Coral reef parrotfish:
Sensitivity ranged from Low to Moderate for coral reef parrotfish. Of these, only two species ranked Moderate. The Bumphead Parrotfish (Bolbometopon muricatum) stood out with greater sensitivity because of habitat specificity, early life history requirements, sensitivity to OA, and low stock size. The Steephead Parrotfish (Chlorurus microrhinos) ranked moderate in sensitivity because of habitat specificity, early life history requirements, and complexity in reproductive strategy (Supplementary Materials 3 - Species Narratives).
Fig ???.
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Fig. 14. Coral reef parrotfish vulnerability score composed of sensitivity and exposure variables 
[bookmark: coral-reef-surgeonfish]Coral reef surgeonfish:
Coral reef surgeonfish sensitivities ranged from Low to Moderate almost distributed evenly between the two categories (Supplementary Materials 3 - Species Narratives).
Fig ???.
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Fig. 15. Coral reef surgeonfish vulnerability scores composed of sensitivity and exposure variables 
[bookmark: other-coral-reef-fish]Other coral reef fish:
For other coral reef fish, sensitivities ranged from Low to High. The Arceye Hawkfish (Paracirrhites arcatus) and the Ornate Butterflyfish (Chaetodon ornatissimus) scored the highest in vulnerability. For Arceye Hawkfish, habitat specificity and adult mobility were the two most sensitive attributes. For the Ornate Butterflyfish, prey sensitivity and sensitivity to OA  stood out as higher concern (Supplementary Materials 3 - Species Narratives).
Fig ???.
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Fig. 16. Other coral reef fish vulnerability scores composed of sensitivity and exposure variables 
[bookmark: invertebrates]Invertebrates:
The group that scored the highest in biological sensitivities were the invertebrates. One species, the endemic Hawaiian Yellow-foot Limpet (Cellana sandwicensis), ranked Very High. This was due to a very high sensitivity score in every attribute except population growth rate. Five species were ranked high in vulnerability, with the remainder of the taxa falling in the Low or Moderate category.  The Blue Octopus (Octopus cyanea) and the Samoan Crab (Scylla serrata) ranked the lowest in vulnerability (Supplementary Materials 3 - Species Narratives).
Fig ???.
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Fig. 17. Invertebrates vulnerability scores composed of sensitivity and exposure variables 
[bookmark: summary]Summary:
Functional groups separated out from each other in terms of vulnerability scores, with invertebrates scoring the highest, and pelagic and coastal groups scoring the lowest in vulnerability (Figures 9-17). Within-group differences were evident as well (Fig ???.) For invertebrates, taxa were more evenly distributed between Moderate to Very High vulnerability rankings, whereas for the coastal group, all species fell within the Moderate category.
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Fig. 18. Summary of standardized  vulnerability scores across taxa 
[bookmark: bootstrap-sensitivity-scores]Bootstrap sensitivity scores
Results of bootstrapped sensitivity scores showed a slight change in the distribution of overall vulnerability scores, where a greater number of species across four functional groups scored Very High in overall vulnerability. (Fig. ???
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Fig. 19. Bootstrapped sensitivity scores for all 83 taxa 
[bookmark: section]
[bookmark: discussion]Discussion
The climate change vulnerabilities for 83 taxa in the Pacific showed a broad pattern across functional groups. The larger-bodied and more wide-ranging (pelagic and coastal) species ranked least, while the smaller-bodied and more site attached species (small coral reef and invertebrates) ranked highest in vulnerability. 


[bookmark: drivers-of-vulnerability]Drivers of vulnerability: 
[bookmark: large-wide-ranging-species]Large, wide-ranging species:
In general, the vertical expansion of the oxygen minimum zone with climate change could be the biggest habitat threat for pelagic species (Schmidtko, Stramma, and Visbeck 2017). One exception to this generalization may be bigeye tuna, that as adults are relatively tolerant of low oxygen concentrations (Bernal 2011). Secondly, rising sea surface temperatures is a threat to pelagic species (Henson et al. 2017). For example, skipjack tuna may already inhabit the high extreme of their temperature threshold (Lehodey et al. 2012). 
In contrast, coastal mackerel scad may experience an increase in population growth rate and abundance (Stobberup and Erzini 2006) given the projected increase in nutrient runoff in coastal areas with climate change (Bell et al. 2013).
[bookmark: mid-sized-species]Mid-sized species: 
The sensitivity scores of many coral reef fish ranged between Low to Moderate. This is  surprisingly low, given that  many coral reef species depend on a biogenic habitat that is itself threatened by climate change (Pratchett et al. 2011). There are direct physiological effects of not only temperature, but also OA on coral reef fish, which include impaired hearing and olfaction in reef fish (Munday et al. 2012). These senses are particularly important for navigation and homing during early life stages when the larvae settle from the plankton as new recruits to a coral reef habitat (Castro et al. 2017).  
In particular, the bumphead parrotfish have very specific recruitment requirements and so emerge as a more sensitive species (Muñoz et al. 2014). They recruit to acroporid coral in shallow lagoon areas, areas that are particularly affected by climate change (Bonin 2011).



[bookmark: small-site-attached-species]Small, site attached species: 
Invertebrates face a slew of unique challenges to climate change. In particular, given their small home range sizes and limited adult mobility, they are more susceptible to impacts that occur in a particular region. 

In Hawaii, the Yellow-foot Limpet, or opihi as it is locally known, is ranked the highest in vulnerability. Not only is it endemic with a very small distribution limited to the Hawaiian archipelago, it also has a particular habitat requirement of open Crustose Coraline Algae (CCA) relying on a co-occuring  grazer at the right densities to create habitable space for the opihi (BIRD et al. 2007).  This species of Cellana is also the most desired for human consumption.

More generally, the less-mobile invertebrates are more likely to experience the Allee effect at low population numbers, which could negate or slow recovery (Allee 1923). For example, in a field experiment where a sea cucumber (Actinopyga mauritiana) was fished to near complete depletion, it took nine years to recover to pre-disturbance abundances (Trianni and Bryan 2004). 

In contrast, the Samoan crab could do well in disturbed habitats. This species was identified as a potential “winner” in climate change scenarios given its quick acclimation to Hawaii after introduction (Alberts-Hubatsch et al. 2015), and its low sensitivity rankings.  This species is relatively mobile compared to other invertebrates and is not specialized in most aspects of its life-history.
[bookmark: methodology-considerations]Methodology considerations
There were a few distinct characteristics that set the Pacific Islands Vulnerability Assessment apart from the original VA developed in the US North East. In the latter region, biological sensitivities were ranked High to Very High. In the Northeast US, many of the species considered are managed stocks, with detailed assessments of stock status and data on life history parameters available. In the Pacific Islands region, many coral reef and invertebrate species are not quantitatively assessed and managed. The low vulnerability scores for species in the Pacific region may reflect uncertainty in sensitivity attributes, rather than actual biological coping mechanisms of the species. 

Further, some coral reef species, such as surgeonfish do not fit well into standard categories, making it difficult to interpret sensitivity from life history attributes. For example, the reproductive schedule of many surgeonfish trade output for long life, where there are mass recruitments at odd times, making it difficult to assess population growth rate in a standard way (Montgomery 2003). The square growth curve and odd life history parameters are particularly challenging to fit into a standardized assessment (Claisse et al. 2009). 
Secondly, coral reef fish have added complexity in reproduction in that some species are hermaphrodites (Fischer 1980). The expression of one gender or another is dependent on habitat quality as well as population density  (Choat and Robertson 1975)(Robertson and Justines 1982). This flexibility in reproduction could be advantageous rather than the opposite, but in this methodology, complexity in reproduction is taken as an indicator of increased sensitivity to climate change. 
Finally, the biological sensitivity attributes were developed for finfish. Here, the invertebrate species were particularly difficult to assess. The life history for invertebrates can change dramatically among locations. For example, for the sea cumbers, asexual reproduction occurs in some, but not all locations (Dolmatov 2014). Likewise, the spawning cycle can be different across locations (Drumm and Loneragan 2005). 

Exposure variables were scored under the assumption that perturbations to baseline conditions are equally deleterious whether the departures were negative or positive. While the scoring provides a flexible framework to incorporate potential nonlinear responses, it remains difficult to know how a particular taxa may cope with excess amounts of something that is normally beneficial and desirable. For example, oxygen concentration may fall into this category whereby positive anomalies of oxygen could be beneficial yet realizing that at some point (albeit unlikely to occur naturally) oxygen toxicity could become an issue. For purposes of this exercise, high levels of oxygen were scored similarly to low levels of oxygen. Until the specific dose-response functions are fully mapped out for each taxa, these types of assumptions remain in the scoring process and should be carefully treated. Fortunately, situations such as this did not manifest in our results nor drive any taxa’s overall vulnerability to climate change projections.

Because certain sensitivity attributes could be closely related, and could thus potentially skew results, and because some attributes have very little information available for the Pacific region or for particular taxa so that their scores could potentially be less meaningful, experts who participated in the panel suggested selecting the top six attributes for each species that are most relevant as a way to explore modifying the methodology to customize it to our region. Thus, further research will include reexamining the sensitivity attributes for the Pacific Islands to determine which of the twelve originally developed are most meaningful for this unique location. This may reduce uncertainty and better assess the relative vulnerability rankings of species within the Pacific region. Further developments could show both analysis on the one hand for consistency with other vulnerability exercises around the country, and on the other, to highlight a potential improvement, particularly when a wide variety of taxa are being considered such as with PIVA.



[bookmark: data-needs-moving-forward]Data needs moving forward:
Many species were difficult to assess given unknowns in their biology and trophic ecology. In particular for fin-fish, the early life history and larval stage proved the most challenging to assess given unknowns about these requirements. The invertebrate group were particularly challenging to asses, given the uncertainty in basic knowledge about their life-history and distribution. Finally, the role of adaptation and the the ability of species to increase fitness apace with climate change was a question that emerged that we need to address to better understand the vulnerability of marine life to climate change.  
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