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Abstract

:

The architectural complexity of coral-reef habitat plays an important role in determining the assemblage structure of reef fish. We investigated associations between the reef habitats and fish assemblages in the Northwestern Hawaiian Islands (NWHI) using in situ fish counts and data on habitat metrics and benthic community composition that were obtained from three-dimensional (3D) photogrammetric reconstructions of the surveyed sites. The structure of fish assemblage as a whole on the basis of Bray–Curtis dissimilarity, species richness and the abundances of herbivores and piscivores were associated with habitat metrics, with higher levels of architectural complexity generally supporting greater numbers of fish species and individuals. Benthic cover did not explain additional variation in these variables after the effects of habitat metrics were taken into account. Corallivorous fish was the only group that showed positive associations with both habitat metrics and benthic cover (Acropora and Pocillopora corals). The total fish abundance and the abundances of planktivores and invertivores did not show associations with either habitat metrics or benthic cover. This study suggests that an appropriate combination of habitat metrics can be used to account sufficiently for the effects of habitat architecture on fish assemblages in reef monitoring efforts in the NWHI.






Keywords:


coral reef; architectural complexity; fish; assemblage structure; photogrammetry; 3D reconstruction; Papahānaumokuākea Marine National Monument












1. Introduction


The architectural complexity of coral-reef habitat, which is primarily driven by the abundance of hermatypic corals, plays an important role in determining the community structure of reef-associated organisms [1]. In particular, high levels of coral cover and species richness support high levels of fish abundance and species richness [2]. Coral growth forms are also associated with fish abundance and species richness, likely due to the increased availability of microhabitat [3]. Architecturally complex morphologies such as branching forms generally support higher numbers of fish individuals and species than architecturally less complex ones such as mounding forms [3]. Benthic faunal composition can also directly affect the distribution of reef fishes that rely on particular benthic organisms for food [4,5]. Therefore, the effects of reef architecture and benthic composition need to be considered when assessing the status and structure of fish assemblages on coral reefs.



Structure-from-motion (SfM) photogrammetry has recently gained popularity in marine monitoring studies as this range imaging technique allows for non-intrusive extraction of physical and biological information from resulting high-resolution three-dimensional (3D) habitat reconstructions [6,7]. In general, habitat metrics obtained from 3D reconstructions are precise [8,9] and not subject to observational biases [10]. There are a wide variety of habitat metrics that can be extracted from a digital elevation model (DEM) generated from a 3D reconstruction utilizing this photogrammetric technique [11]. Such metrics range from those similar to the classical chain-and-tape rugosity [12] to more complex ones that utilize 3 × 3 raster cell windows of a DEM, including slope, curvature, and vector ruggedness measure (VRM) [13], or a fractal dimension that incorporates information obtained at various spatial resolutions [14]. In our recent studies that analyzed associations between various habitat metrics and benthic community compositions, many habitat metrics effectively captured the architectural complexity of different coral growth forms, but they also showed some differences with one another in terms of the types of coral morphologies each metric could capture [15,16].



Extraction of habitat metrics from a DEM is a straightforward process that can be routinely implemented by the use of a geographic information system (GIS) software or any geospatial software that can process raster files [11]. Extraction of biological data (i.e., benthic community composition/cover) can be achieved using an orthophotomosaic, which is a geometrically-corrected composite image that is generated from a 3D reconstruction of a coral reef. Annotating (i.e., identifying) benthic biotic and abiotic features in the orthophotomosaic provides a direct approach to quantifying the composition of benthic communities [6,16]. The annotation process is particularly labor intensive and costly as it often requires multiple annotators to be carefully trained to generate consistent results, which potentially creates a bottleneck as data are generated quickly in the photogrammetric workflow. Although automated image analysis tools utilizing machine learning algorithms show some promise for fully-automated image annotation in the future [17,18,19], the current annotation bottleneck and the multitude of habitat metrics that are available for characterizing coral-reef habitats raise a question as to whether habitat metrics alone are sufficient in accounting for the effects of habitats on the structure of fish assemblages.



Here, we describe a study that specifically investigated associations between the physical and biological features of coral-reef habitats and fish assemblages in the Northwestern Hawaiian Islands (NWHI), which are contained within the Papahānaumokuākea Marine National Monument (PMNM), a large fully-protected marine conservation area spanning approximately 2000 km (Figure 1). Fish data and benthic imagery were collected from shallow-water (≤30 m) forereefs in the NWHI as part of the PMNM’s Reef Assessment and Monitoring Program (RAMP). We created 3D reconstructions of the study sites and the resulting DEMs and orthophotomosaics were analyzed to generate habitat metric and benthic cover data corresponding to the in situ fish abundance data. The primary focus of the present study was to examine the effects of the architectural complexity of coral-reef habitats on fish assemblages of the NWHI and, subsequently, whether benthic cover of the survey sites explained additional variation in the fish data after the architectural complexity of each habitat was taken into account. We hypothesized that the structure of fish assemblages in the NWHI was associated with habitat metrics and that benthic cover would not explain additional variation in the assemblage structure, given that habitat architectures were sufficiently considered by a combination of appropriate habitat metrics.




2. Materials and Methods


2.1. Fish and Benthic Imagery Surveys


Fish data and benthic imagery were collected from islands/atolls of the NWHI (Figure 1) during the RAMP expedition aboard NOAA ship Hi‘ialakai in September 2017 (permit number PMNM-2017-001A). Surveyed islands/atolls were Kure Atoll (Hōlanikū; 28°25′ N, 178°20′ W), Midway Atoll (Kuaihelani; 28°12′ N, 177°21′ W), Pearl and Hermes Atoll (Manawai; 27°56′ N, 175°44′ W), Lisianski Island (Kapou; 26°04′ N, 173°58′ W), Laysan Island (Kamole; 25°42′ N, 171°44′ W) and French Frigate Shoals (Lalo; 23°52′ N, 166°17′ W). Survey sites (coordinates) at each island or atoll were randomly generated in the GIS software ArcMap v10.4 (Environmental Systems Resource Institute, CA, USA) using GIS bathymetric and bottom composition maps, in which targeted hard-bottom forereefs at depths of ≤30 m were stratified by three depth ranges (shallow 0–6 m, mid 6–18 m and deep 18–30 m) for each island/atoll.



At each survey site, a pair of divers who were formally trained for fish identification and survey methods in Hawaiian waters simultaneously performed a reef fish survey using a stationary point count (SPC) method [20], a modification of the stationary visual census technique [21]. Briefly, divers laid a 30-m transect line along a depth contour and counted fish inside two adjacent SPC cylinders that were 15 m in diameter. Divers first recorded all species observed in their cylinders for five minutes (species enumeration period), then systematically worked through their lists to record the number of individuals for each species (tallying period). If a species was observed during the enumeration period but absent during the tallying period, divers recorded the number when it was first observed during the enumeration period. Divers remained stationary at the center of their respective cylinder to avoid disturbance as much as possible, but they swam through their plots to count small, semi-cryptic species at the end of the tallying period.



After the completion of the fish survey, the divers placed a ground control point (GCP) unit at the start of the transect line, recorded the substratum depth, set the white balance of their camera using a white slate and collected images while slowly swimming on one side of the transect line and back on the other side at approximately 2–3 m above the substrate. The divers aimed to cover an area of 90 m2 (30-m length × 3-m width) with 70–80% overlap between images. The GCP unit had three coded targets on scale bars to enable accurate georeferencing of each survey site using x, y and z local coordinates. All images were manually taken using a Canon EOS Rebel SL1 digital SLR camera with an 18–55 mm lens using the single shooting setting. The camera was in an Ikelite underwater housing with a 6-inch dome port, and the focal length of the lens was set to 18 mm. A shutter speed and an aperture were set to 1/250 s and f/10, respectively, and ISO was set to automatic.




2.2. Generation of 3D Models


Three-dimensional models of survey sites were constructed from the overlapping imagery using the software Agisoft PhotoScan Professional v.1.4 (Agisoft LLC., St. Petersburg, Russia). Details of software settings and computer specifications for the process of model generation, as well as ground sampling distances of the resulting 3D models, are available in our previous study that examined the behavior of various habitat metrics that were extracted from 3D reconstruction of coral reefs using the same imagery [11]. Camera calibration and optimization were completed using the PhotoScan software, which performs calibration using Brown’s distortion model and is capable of resolving the optical characteristics of the camera lens directly from the image metadata without prior calibration. A sparse 3D point cloud was generated using the photoalignment process of the software. The known x, y and z distances among the coded targets on the GCP unit were used to create a local reference coordinate system and scale the model. After optimizing the photoalignment using the reference coordinates, a dense point cloud was produced. A DEM and an orthophotomosaic were then generated for each survey site and further processed using the statistical software R v.3.6.2 [22] and CoralNet website (coralnet.ucsd.edu) [23], respectively.




2.3. Extraction of Habitat Metrics


Digital elevation models (averaging ≈140 m2 in planar area [11]) were exported at a raster cell resolution of 1 cm and processed in R using the packages sp [24,25], raster [26] and rgeos [27]. The choice of habitat metrics for the present study was based on our previous studies that closely investigated the behavior and property of various habitat metrics [11,16,28]. Specifically, we extracted habitat metrics from 2.5-dimensional DEMs, which captured the reef habitats from a single projected overhead angle, rather than from 3D digital surface models (DSMs). This is a conventional approach for geospatial analyses of topographic features, but it has limitations in capturing all areas of the habitat, such as those under ledges or plating corals. While analyzing DSMs would be optimal, our recent work indicated that specific structural metrics would be highly correlated when extracted from either a DEM or DSM [28]. We quantified reliable metrics using the DEMs to avoid the computational difficulties associated with analyzing DSMs [28]. Habitat metrics extracted from DEMs were VRM and profile curvature. The aggregate function in the raster package was used to change the raster cell resolution of the DEMs from 1 cm to 4 cm, and VRM was extracted at both resolutions. Profile curvature was obtained at 1-cm resolution. These three habitat metrics collectively characterized the structural complexity of each survey site as described below.



Vector ruggedness measure quantifies the variability in the direction of surfaces by measuring the dispersion of vectors orthogonal to raster cells of a DEM using a 3 × 3 neighboring cell window [29]. This metric was generated for each cell of a DEM, so we averaged the values to obtain a mean VRM value per DEM. At 1-cm resolution, mean VRM could capture the architectural complexity of branching and encrusting corals, while mean VRM at 4-cm resolution could additionally capture the architectural complexity of mounding and tabulate corals [16]. We also considered using fractal dimension as this metric generally captures the architectural complexity of corals well [16], but we opted for using VRM at the two different resolutions as fishes could differentially respond to the architectural complexity provided by different coral morphologies.



Profile curvature measures the rate of change in slope in the direction parallel to the slope. Positive and negative values of profile curvature indicate that the surface is upwardly convex and upwardly concave, respectively, with 0 being flat [30]. Similar to VRM, curvature values were generated for each cell of a DEM using a 3 × 3 neighboring cell window. The range of curvature values within each DEM could capture the structural complexity of the survey plot created by surface topography such as holes and small ledge-like structure, with larger values generally being associated with more complex topographies [28]. We considered the use of both profile curvature and planform curvature, which measures the rate of change in slope in the direction perpendicular to the slope, but the two metrics were very strongly correlated, having a Pearson correlation coefficient (r) of 0.98, so only the range of profile curvature was used in the present study.




2.4. Estimation of Benthic Cover


Orthophotomosaics were uploaded to the CoralNet website to estimate benthic cover. For each survey site, 1000 random points were generated on the orthophotomosaic by the website and each point was manually annotated by identifying a benthic taxon or abiotic feature under the point without any assistance of automated annotation through CoralNet’s machine-learning algorithms. Live coral was classified down to the genus level. For quality control, all annotators were trained by a single expert coral biologist who also reviewed their annotations to ensure the accuracy. The points that fell on a transect line, mobile vertebrates (i.e., fish) or any other unidentifiable objects were removed. The proportion of each benthic category was calculated for each site by dividing the number of points for each category by the total number of remaining random points. The number of points that could not be identified was less than 20 per orthophotomosaic (i.e., <2% of the annotation points) for most orthophotomosaics (74 out of 80), with a maximum of 76 points.




2.5. Data Analyses


2.5.1. Data Preparation


Fish count data from a pair of divers were combined for each survey site to obtain fish abundance per site. Pelagic and semi-pelagic fishes, including sharks, rays, tunas, jacks, sardines, anchovies and herrings, were excluded in order to focus on non-transient, resident reef fish at each site, as the purpose of this study was to investigate relationships between habitats and fish assemblages on coral reefs. Although the SPC method used in the present study was designed to obtain an instantaneous count of each fish species (i.e., if a school of fish swam through an SPC cylinder, the surveyor only counted individuals in the cylinder at one point in time as if taking a snapshot and did not continue to count the entire school as it swam through), divers recorded several fish aggregations. Of 148 reef fish species recorded in the present study, 126 species had maximum counts of ≤30 individuals recorded by a single diver per site, while additional 15 species had ≤100 individuals per diver per site, and additional 3 species had ≤180 individuals per diver per site. The remaining four species, the pomacentrids Chromis hanui, Chromis ovalis and Chromis vanderbilti and the anthiine basslet Pseudanthias thompsoni, were all small-bodied planktivores that are sometimes observed in large feeding aggregations, which occur temporarily as they are not schooling species [31]. In our case, the highest counts recorded by a pair of divers from a single site were 950 and 320 individuals of C. ovalis. In order to limit the influence of these temporary feeding aggregations of small-bodied planktivores on our formal univariate analysis and to improve the fit of the models, we capped the abundances of these species at 200 individuals per diver per site (i.e., 400 individuals per site if a pair of divers both recorded >200 individuals). There were 13 observations from eight survey sites that required this capping.



Explanatory variables for the formal statistical analyses included geographical locations, depth, habitat metrics and benthic cover. Geographical locations (i.e., islands/atolls of the NWHI) and depth were included to account for the survey design in which the survey domains were defined per island/atoll and stratified by depth within each island/atoll as previously mentioned. Both geographical locations and depth are known to affect the structure of fish assemblages in the NWHI potentially due to their latitudinal differences and thus differential stratifications of water temperature along depth among the islands/atolls especially in winter [32].



Habitat metrics were the mean VRM values at 1-cm resolution and 4-cm resolution, as well as the range of profile curvature. As the mean VRM values at 1-cm resolution and 4-cm resolution were highly correlated, we used the deviation of mean VRM at 4-cm resolution relative to mean VRM at 1-cm resolution (i.e., mean VRM at 4-cm resolution−mean VRM at 1-cm resolution). The deviation of mean VRM at 4-cm resolution (as opposed to mean VRM at 4-cm resolution) still captures the architectural complexity of less-complex morphologies (e.g., encrusting or mounding corals in comparison to branching corals), as mean VRM values decrease from 1-cm resolution to 4-cm resolution for architecturally complex branching forms while they increase for less complex encrusting and mounding forms [28]. A smaller value of mean VRM deviation at 4-cm resolution means that there are more architecturally complex morphologies at the site relative to less architecturally complex morphologies and a larger value means the opposite. In order to reduce the correlation between the two VRM metrics and their interaction term, these variables were each standardized. The range of profile curvature was generally high, spreading from 4478.5 to 72,266.0 with the mean value of 19,908.6 and standard deviation of 14,608.89, so this variable was also standardized. Thus, the habitat metric variables used in the formal analysis included standardized mean VRM at 1-cm resolution, standardized mean VRM deviation at 4-cm resolution, standardized (profile) curvature range and their interaction terms.



Benthic cover variables included four genera of corals (Acropora, Montipora, Pocillopora, and Porites), macroalgae and crustose coralline algae (CCA) (see Results for details). The rationale for using coral genera without separating them by their morphologies was that habitat metrics should account for any morphological differences among coral colonies and that we should examine whether the identify of live coral (i.e., genus) mattered after morphological differences were considered. We did not include interaction terms among these benthic cover variables or between benthic cover and habitat metric variables, as this will create an extremely large number of combinations, and our focus of this study was to investigate potential associations between fish assemblages and habitat metrics, and subsequently, whether benthic cover could explain additional variation in the fish assemblages after the structural complexity of habitat was taken into account.




2.5.2. Univariate Analysis


Univariate analysis of the fish abundance data was done using the statistical software R, with the brms package [33,34], which allows users to fit Bayesian generalized linear models using the C++ package Stan (mc-stan.org), and the Rcpp package [35,36,37]. Specifically, we analyzed the total fish abundance, species richness and the abundances by trophic categories. Reef fishes were categorized by six trophic habits (herbivore, corallivore, invertivore, planktivore, omnivore and piscivore) based on various databases and references including FishBase (www.fishbase.org), Hiatt and Strasburg [38], Hobson [39] and Hoover [40]. Omnivores consistently exhibited low abundance values (see Results for details), so they were omitted from the formal analysis. Note that the capping of the planktivores at 200 individuals per diver per site as described above was only relevant to the analyses of the total fish abundance and planktivore abundance and improved the fit of these two models (see below for more details on the univariate models).



After preliminary analyses evaluating potential response distributions (e.g., Poisson, negative binomial and their zero-inflated versions in some cases), a generalized linear model with the negative binomial probability distribution with the log link function was used to model the relationship between habitats and each of the seven response variables. Terms for the final models were obtained on the basis of the leave-one-out cross-validation (LOO-CV) method using the LOO function in the brms package, as well as 95% credible intervals (95% CI) for parameter estimates if models were put on similar footing based on LOO-CV. Specifically, for each response variable, geographical locations were first included as a grouping factor (i.e., random effect) to account for their effects and this was used as a starting model. The depth variable was then added. After evaluating these two models, habitat variables (standardized mean VRM at 1-cm resolution, standardized mean VRM deviation at 4-cm resolution, standardized curvature range and their interactions) were fitted and the model was evaluated according to LOO-CV and also 95% CI in some cases. The bayes_R2 function in the brms package was used to calculate a Bayesian version of the R-squared value to estimate the amount of variation in the response variable that was explained by the selected habitat variables. Finally, benthic cover variables were added and the same evaluation process was applied to obtain the final model. The Bayesian R-squared value was recalculated for the final model in order to estimate additional variation in the response variable explained by the selected benthic cover variables. Default settings of the brm function were used for prior distributions and the sampling behavior of Stan [33], with the exception of “adapt_delta” being set to 0.99 in order to slow down the sampler and reduce the number of divergent transitions.




2.5.3. Multivariate Analysis


Multivariate analysis of the fish abundance data was done using the software package PRIMER 7 with the PERMANOVA+ add-on (PRIMER-e, Auckland, New Zealand). The structure of fish assemblages as a whole was measured on the basis of Bray–Curtis dissimilarity after square-root transformation of fish abundance. We chose to use the capped abundance data to keep it consistent with the univariate analysis, but the capping would have very small effects due to the pretreatment using square-root transformation. A distance-based linear model (DISTLM) [41,42] was used to test formally relationships between habitats and the fish assemblages with 4999 permutations of residuals under a reduced model. Specifically, DISTLM’s conditional tests were used in order to account for the effects of geographical locations and depth. Habitat metric variables (mean VRM at 1-cm resolution, mean VRM deviation at 4-cm resolution, curvature range and their interactions) were then fitted and the appropriate parsimonious model was selected based on the small-sample-size corrected version of Akaike’s information criterion (AICc). Finally, benthic cover variables were fitted and the appropriate parsimonious model was selected based on AICc. DISTLM’s conditional tests examine the amount of variation explained by a predictor variable after one or more predictor variables have been fitted, considering the overlap in the variation explained by multiple predictor variables. Thus, the order of predictor variables fitted in the model matters. All predictor variables are automatically standardized as part of the DISTLM analysis routine.



As all three habitat metrics improved the model, but none of the benthic cover variables did (see Results for details), we used the canonical analysis of principal coordinates (CAP) [43,44] to explore fish taxa that were potentially associated with the habitat metrics. This analysis generates a constrained ordination by finding axes through the multivariate data cloud that has maximum correlations with the variables of interest (i.e., habitat metrics in our case). We used this approach to examine the relationships between the structure of fish assemblages and the habitat metrics in the presence of other important variables (i.e., geographical location and depth). The appropriate number of principal coordinate axes (m) was chosen by minimizing a leave-one-out residual sum of squares to avoid over-parameterization. PRIMER’s vector overlay function was used for an exploratory analysis to obtain multiple partial correlations of individual fish taxa with canonical axes and to identify fish taxa that were potentially associated with the habitat metrics.






3. Results


In total, 80 shallow forereef sites with depths ranging from 1 to 26 m were surveyed during the RAMP expedition in 2017 (25 sites at French Frigate Shoals, 10 sites at Laysan Island, 15 sites at Lisianski Island, 15 sites at Pearl and Hermes Atoll, 9 sites at Midway Atoll and 6 sites at Kure Atoll). There were 23,842 individuals of reef fish from 148 taxa identified at these sites, with 141 taxa being identified to species, three taxa to genus, three taxa to family and one taxon (seven individuals from a single site) that could not be identified by the surveyors. The most numerically dominant trophic group was planktivores, although their count was highly variable (average count of 195.18 ± 373.30 standard deviation (SD)) due to the presence of highly aggregative species (i.e., Chromis hanui, Chromis ovalis, Chromis vanderbilti, and Pseudanthias thompsoni), followed by herbivores (71.15 ± 61.19 SD), invertivores (50.29 ± 25.10 SD), corallivores (5.54 ± 7.34 SD), piscivores (4.65 ± 6.39 SD), and omnivores (1.14 ± 1.55 SD).



Five genera of corals (Acropora, Montipora, Pavona, Pocillopora, Porites), as well as macroalgae, CCA, hard substrata and sand, were identified in the orthophotomosaics obtained from the 80 survey sites. Overall, Porites coral was the most dominant living component of the survey sites (average benthic cover of 11.0% ± 0.17 SD) followed by macroalgae (9.0% ± 0.16 SD), CCA (6.0% ± 0.29 SD), and the coral genera Acropora (3.3% ± 0.09 SD), Pocillopora (1.0% ± 0.03 SD), Montipora (1.0% ± 0.03 SD) and Pavona (<0.1% ± 0.0004 SD). Other sessile invertebrates, such as bivalves, tunicates and zoanthids, were also found but never collectively contributed to more than 1% of benthic cover at any of the survey sites. These other sessile invertebrates and the coral Pavona were excluded from further analysis due to their low abundances and proportion in the overall benthic cover. Most of the remaining benthic cover was hard substrata (60.3% ± 0.29 SD), with sand contributing little to benthic cover (7.6% ± 0.10 SD) as we targeted hard-bottom forereefs for our surveys. Only living benthic components were, therefore, included in our formal statistical analyses (i.e., Acropora, Montipora, Pocillopora, Porites, macroalgae and CCA) in order to avoid collinearity (i.e., benthic cover predictor variables summing up to ≈100% per site).



There were no apparent associations detected between the total fish abundance and either the habitat metrics or benthic cover variables. The final model only included the grouping factor (Table A1) explaining 26.9% of the variation in the total fish abundance and captured differences in the total fish abundance among the islands/atolls of the NWHI (Figure A1a). On the other hand, species richness was positively correlated with the mean VRM deviation at 4-cm resolution (Figure 2a, Table A1). Interactive effects of the mean VRM at 1-cm resolution and the curvature range were also detected (Table A1), with the association between species richness and the mean VRM at 1-cm resolution changing from positive to negative as the curvature range increased (Figure 2b). The grouping factor (geographical locations) alone explained 16.2% of the variation in species richness (Figure A1b), and the habitat variables explained an additional 11.7% for a total of 27.9% of the variation explained by the final model. The final model for species richness did not include any of the benthic cover variables (Table A1).



Similar to the total fish abundance, no apparent associations were detected for the abundances of planktivores and invertivores with either the habitat metrics or benthic cover variables (Table A1). The final model for the abundance of planktivores only included the grouping factor (Table A1) and explained 32.2% of the variation in the variable (Figure A1c). The final model for the abundance of invertivores included the grouping factor and depth, showing a potential decrease (95% CI = −0.04–0.00, Table A1) in invertivore abundance with depth, and explained 15.6% of the variation in the variable.



The abundance of herbivores was positively correlated with the mean VRM deviation at 4-cm resolution (Figure 3a, Table A1). Main effects of the mean VRM at 1-cm resolution and interactive effects of the mean VRM at 1-cm resolution and the curvature range were also detected (Table A1), with the abundance of herbivores increasing with an increase in the mean VRM at 1-cm resolution and this increase becoming larger as the curvature range decreased (Figure 3b). The grouping factor and depth, which showed a decrease in herbivore abundance with depth (Table A1), together explained 18.1% of the variation in the abundance of herbivore. The habitat variables explained an additional 28.2% for a total of 46.3% of the variation explained by the final model.



The abundance of corallivores was positively correlated with the mean VRM at 1-cm resolution, Acropora coral cover and Pocillopora coral cover (Figure 4, Table A1). There was also weak evidence for a positive association between the abundance of corallivores and the mean VRM deviation at 4-cm resolution (95% CI = −0.09–0.47, Table A1). The grouping factor alone explained 16.4% of the variation in the abundance of corallivores (Figure A1f), and the habitat variables explained an additional 32.0% for a total of 48.4% of the variation explained by the model. The two benthic cover variables, Acropora and Pocillopora coral covers, further explained an additional 11.6% for a total of 60.0% of the variation explained by the final model.



The abundance of piscivores was positively correlated with the mean VRM at 1-cm resolution and the curvature range (Figure 5, Table A1). Similar to the abundance of corallivores, there was also weak evidence for a positive association between the abundance of piscivores and the mean VRM deviation at 4-cm resolution (95% CI = −0.01–0.48, Table A1). The grouping factor alone explained only 1.9% of the variation in the abundance of piscivores, suggesting relatively low variability in the abundance of this trophic group among different islands/atolls of the NWHI. This was also confirmed in the plot of conditional means for different islands/atolls (Figure A1g). The three habitat variables explained an additional 22.8% of the variation in the abundance of piscivores, for a total of 24.7% of the variation explained by the final model.



Geographical locations (i.e., islands/atolls of the NWHI) and depth explained significant proportions of the variation in the structure of fish assemblages as a whole on the basis of Bray-Curtis dissimilarity (Table 1). Three habitat metrics (mean VRM at 1-cm resolution, mean VRM deviation at 4-cm resolution and curvature range) also explained statistically significant proportions of variation, each explaining an additional 2.1%, 6.0% and 1.8%, respectively (Table 1). None of the habitat interaction terms improved the model on the basis of AICc. Similarly, none of the benthic cover variables further improved the model on the basis of AICc after the habitat metrics were fitted. The final model including the five explanatory variables explained, in total, 43.2% of the variation in the structure of fish assemblages (Table 1).



The exploratory analysis utilizing the CAP ordination with vector overlay identified five species of fish that were potentially associated with the habitat metrics based on multiple partial correlations of individual fish taxa with canonical axes (Figure S1). These included Acanthurus triostegus, Chlorurus spilurus, Chromis vanderbilti, Ctenochaetus strigosus and Thalassoma ballieui. Specifically, the abundances of C. spilurus and C. strigosus positively correlated with the mean VRM at 1-cm resolution and mean VRM deviation at 4-cm resolution, while the abundance of C. vanderbilti negatively correlated with these metrics. The abundance of A. triostegus positively correlated with the curvature range and mean VRM deviation at 4-cm resolution, and the abundance of T. ballieui positively correlated with the curvature range. For the purpose of data visualization, their abundances were superimposed on an ordination of the fitted values from the DISTLM model in Table 1 that was generated using distance-based redundancy analysis (Figure 6).




4. Discussion


The associations between fish assemblages and habitat metrics found in the present study were mostly positive, supporting previous findings that increases in the architectural complexity of habitats were linked to higher levels of fish abundance and diversity [1,2,3]. This overall relationship is likely due to increases in the architectural complexity, and thus in 3D space, resulting in increased amounts of resources for fish (e.g., food/prey and shelter) [1]. The use of photogrammetric techniques and resulting DEMs allowed us to comprehensively characterize the architectural complexity of coral reef habitats using three habitat metrics, with each metric quantifying architectural complexity provided by specific benthic features. Species richness was positively correlated with the mean VRM at 1-cm resolution, which captures the smaller-scale structural complexity of branching or encrusting corals (e.g., branching Pocillopora, branching Porites, encrusting Porites and encrusting Montipora) [16,28], when the curvature range was relatively low (Figure 2b). Species richness was also positively correlated with the mean VRM deviation at 4-cm resolution (Figure 2a), which additionally captures the larger-scale structural complexity of mounding and tabulate corals (e.g., mounding Porites and tabulate Acropora) [16,28]. The interactive effects of the mean VRM at 1-cm resolution and the curvature range were somewhat complex (Figure 2b). When the curvature range was high, which typically occurs when ledge-like structures or holes cause dramatic changes in elevation within a DEM [28], the number of fish species was higher for habitats with lower mean VRM values at 1-cm resolution than for those with higher values. This relationship may be due to sites with high levels of Acropora table coral cover supporting higher numbers of fish species because the curvature range captures the presence of “drops” from the table-top structures of the tabulate Acropora to surrounding surfaces [45]. Tabulate Acropora also creates large flat table-top areas resulting in a relatively low value of mean VRM at 1-cm resolution [45]. The distinct habitat architecture created by the dominance of Acropora corals with tabulate morphologies likely explains this unique interactive effect of high curvature values and low mean VRM values being associated with high species richness.



For different trophic groups, the mean VRM at 1-cm resolution was positively correlated with the abundances of herbivores, corallivores and piscivores, and the mean VRM deviation at 4-cm resolution was positively correlated with the abundance of herbivores. The effects of curvature range were dependent on the trophic groups: the curvature range was positively correlated with the abundance of piscivores but mostly negatively correlated with the abundance of herbivores, although the effect of the curvature range on the abundances of herbivores was also affected by the mean VRM at 1-cm resolution. Differences in herbivore abundance predicted from the curvature range were relatively small when the mean VRM at 1-cm resolution was low (Figure 3b). These differences among trophic groups provide us with some insights regarding how different trophic groups utilize their habitats. Piscivores seem to prefer an architecturally complex habitat in terms of both benthic cover and surface topography potentially due to increased availability of refuges and prey [46,47], while small-bodied corallivores (mostly butterflyfish and damselfish in the present study, see below for more details) seem to prefer habitats with high levels of small-scale architectural complexity associated with branching and/or encrusting corals. Herbivores (mostly surgeonfish and parrotfish in the present study) generally have larger body sizes than corallivores in the NWHI [31] and seem to prefer habitats with high levels of both small- and large-scale architectural complexity associated with all types of coral morphologies, but not necessarily habitats with high architectural complexity associated with surface topography (e.g., ledge-like structure or holes). These findings demonstrate the advantage of utilizing photogrammetric techniques and DEMs to characterize benthic habitats, as different habitat metrics obtained from DEMs can separate the architectural complexity arising from benthos and surface topographies, which would be difficult when using conventional in situ measurements like the chain-and-tape rugosity [12].



Unlike the other trophic groups in the present study, corallivores were associated with benthic cover (Acropora and Pocillopora corals) even after the effects of habitat metrics were considered. Corallivores found in the present study were primarily Plectroglyphidodon johnstonianus, Chaetodon multicinctus and Chaetodon trifascialis, with these three species accounting for nearly 85% of all corallivores. P. johnstonianus is closely associated with both Acropora and Pocillopora corals and feeds primarily on coral polyps [31,48]. C. multicinctus feeds mainly on coral polyps including Porites lobata, Porites compressa and Pocillopora meandrina [31] but prefers P. meandrina potentially due to its higher energy content than the two Porites species [49,50]. C. trifascialis also feeds primarily on Acropora, and, in Hawai‘i, it occurs commonly only at French Frigate Shoals where Acropora is abundant [51,52]. This species has been suggested as a potential indicator species to detect changes in the distribution of Acropora table corals due to their co-evolutionary association [51], although a single C. trifascialis has been reported from the island of O’ahu swimming within branches of a P. meandrina colony [53]. The inclusion of Acropora and Pocillopora coral covers in the final model likely reflects the strong associations of the three dominant corallivores with these corals, highlighting the importance of the distribution of food source, in addition to habitat structure, for corallivores in the NWHI.



For the individual species identified to be potentially associated with habitat metrics, Chlorurus spilurus, Ctenochaetus strigosus and Acanthurus triostegus are herbivores, although C. strigosus also feeds on detritus [31,54]. The positive associations of C. spilurus and C. strigosus with the two VRM metrics were consistent with the general pattern of herbivores. Both C. strigosus and C. spilurus (the latter formerly misidentified as Scarus sordidus in Hawai’i) are more abundant in coral-rich habitats than other types of habitats in Hawai’i [39], and C. spilurus has been reported to have the strongest association with live coral among Hawaiian scarids [55]. Scarid juveniles including C. spilurus use branching corals, particularly Porites compressa, as nursery habitats [56], while C. strigosus favors relatively deep P. compressa-rich habitats as juveniles, followed by an ontogenetic shift to shallower turf-rich habitats as adults [57]. The distributions of herbivores in general and specifically of C. spilurus and C. strigosus highlight the importance of the architectural complexity of habitats for herbivores. The distribution of macroalgae (i.e., their potential food resource) does not seem to be a major factor for their distributions in the NWHI, which contrasts with the pattern observed with corallivores. While most corallivores in the present study have strict preference for their diet as previously mentioned, herbivores in the NWHI do not necessary feed on macroalgae (e.g., grazers) [31], which may explain the observed difference between corallivores and herbivores.



The herbivorous A. triostegus exhibited a somewhat different pattern from the one observed with C. strigosus and C. spilurus. A. triostegus is the most abundant surgeonfish in Hawai’i and occurs in a variety of habitats, but it is generally not highly abundant in areas of high live coral cover [58]. A. triostegus mostly feeds on relatively fine filamentous algae [58] and is often observed grazing on turf algae growing on relatively open hard substrata (authors’ personal observations). Sale [59] observed that juvenile A. triostegus often stayed close to cover during feeding. The positive associations of this species, including both juveniles and adults, with the mean VRM deviation at 4-cm resolution and the curvature range found in the present study (Supplementary Figure S1a) may be related to this feeding behavior where A. triostegus grazes on filamentous algae growing on a relatively flat surface while staying adjacent to some types of cover provided by the architectural complexity associated with mounding corals and/or surface topography. Barlow [60] speculated that schooling by A. triostegus may serve dual purposes under different circumstances: in areas of high coral cover, it assists in swamping territorial herbivores (e.g., Acanthurus nigrofuscus), whereas in reef-flat areas of a low-shelter atoll, it may serve an anti-predator function. The latter use of schooling behavior may enable A. triostegus to forage in habitats with a lower availability of shelter than those used by solitary herbivores, resulting in the positive association of this species with the architectural complexity at a larger spatial scale than other herbivores.



The total fish abundance and the abundances of planktivores and invertivores did not show associations with either habitat metrics or benthic cover. The final models for the total abundance and planktivore abundance were relatively similar likely due to the overall high abundance of planktivores in the present study also driving the pattern observed with the total fish abundance. Thresher [61] found that abundance of planktivores was more strongly correlated with current strength and predator abundance rather than topographic complexity or cover by branching corals, although the distributions of diurnally active planktivores were species specific. In the present study, despite the lack of overall association with habitat metrics for planktivores and invertivores, Chromis vanderbilti (planktivore) and Thalassoma ballieui (invertivore) were identified in the CAP analysis to be negatively associated with the two VRM metrics and positively associated with the curvature range, respectively (Figure 6). This highlights the limitation of generalizing the habitat-fish interactions at the level of functional guilds (e.g., planktivore, herbivore, etc.) and the importance of formal assessments with individual species when there are specific species of interest a priori or data analyses reveal potential species of importance. Here, the pattern observed with C. vanderbilti was perplexing, as this small-bodied planktivore uses reefs as shelters and stays close to the bottom even while feeding [31]; 3D structure of corals should provide them with shelter space, so we would have expected positive, not negative, associations between this species and the two VRM metrics. C. vanderbilti is highly abundant on forereefs of the NWHI at depths of <18 m [32]. In Moorea, French Polynesia, C. vanderbilti is found exclusively on the outer reef [62]. The relatively high levels of wave energy experienced on outer reefs likely limit the architectural complexity of corals, and this might have affected the overall pattern of C. vanderbilti distribution captured in the CAP analysis.



The present study focused on examining the effects of habitat metrics on the distribution and abundance of reef fish in the NWHI and evaluated whether benthic cover could explain any additional variation in the fish data after the habitat metrics were considered. The study was motivated by the current bottleneck with image annotation that coral reef monitoring programs often encounter and by the availability of cutting-edge photogrammetric techniques that allow for detailed quantitative characterization of habitat structure. The study was, therefore, not designed to evaluate the relative importance of habitat metrics versus benthic cover. Habitat metrics are strongly influenced by benthic cover. In the NWHI, for example, tabulate Acropora generates relatively low VRM values at 1-cm resolution and highly variable curvature values [16,45], while branching Pocillopora and Porites (e.g., Porites compressa) generate relatively high VRM values at 1-cm resolution [16,28]. Encrusting and mounding Porites (e.g., Porites lobata) and encrusting Montipora generate high VRM values at lower resolutions than branching corals, with a mounding growth form being captured well at 4-cm resolution [16,28]. In our previous study, up to ≈70% of variation in these habitat metrics were explained by benthic cover [16]. Previous studies investigating the effects of both habitats’ physical structure and benthic community composition have found both types of data to be important for the structure of fish assemblages [63] or benthic community composition to be more important than habitat structure [2]. Richardson et al. [64] also reported shifts in fish assemblages shortly after a mass coral bleaching event while the carbonate structures of hard corals were still mostly intact. These studies underscore the importance of collecting data on benthic community composition in coral-reef monitoring, and particularly, such data are essential when assessing the status and health of coral assemblages.



The present study clearly demonstrated that a combination of habitat metrics that were specifically chosen to capture the architectural complexity of coral reefs provided by both benthic organisms and surface topography could be used in a monitoring study to account for the effects of habitats on the fish assemblages of the NWHI. While the amount of variation explained by the habitat metrics varied depending on the response variables (e.g., fish species richness and abundances by trophic categories), benthic cover did not explain additional variation with the exception of the abundance of corallivores. As the frequency and severity of environmental stress are predicted to increase [65], the need for well-designed coral-reef monitoring programs also increase. Scientists and managers may need to prioritize processing of their monitoring data in order to keep up with a frequent inflex of data and make timely decisions for management. The results of the present study provide us with important information to strategize resource allocations for different components of coral-reef monitoring and to detect any changes in fish assemblages while appropriately accounting for their changing habitats.
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Figure A1. Conditional means of fish abundance at different geographic locations, French Frigate Shoals (FFS), Laysan Island (Laysan), Lisianski Island (Lisianski), Pearl and Hermes Atoll (PHR), Midway Atoll (Midway) and Kure Atoll (Kure), based on the respective final models for (a) the total fish abundance, (b) species richness and the abundances of (c) planktivores, (d) herbivores, (e) invertivores, (f) corallivores and (g) piscivores. 
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Table A1. Parameter estimates for the generalized linear models with the negative binomial probability distribution with the log link function. Estimates of coefficients for the fixed terms (depth, standardized mean VRM at 1-cm resolution, standardized mean VRM deviation at 4-cm resolution, standardized curvature range, interaction between the standardized mean VRM at 1-cm resolution and the standardized curvature range and percent covers of Acropora and Pocillopora corals) are shown along with their 95% CI in the parentheses. The estimates whose 95% CI did not overlap with 0 are shown in bold and marked with asterisks (*). Fixed terms that were not included in the final model for any of the response variables are not included in this table. Estimates of standard deviation for the grouping factor, geographical locations, are also shown (sd(loc)) along with their 95% CI in the parentheses. Conditional means of each response variable for different geographical locations are also shown in Figure A1.






Table A1. Parameter estimates for the generalized linear models with the negative binomial probability distribution with the log link function. Estimates of coefficients for the fixed terms (depth, standardized mean VRM at 1-cm resolution, standardized mean VRM deviation at 4-cm resolution, standardized curvature range, interaction between the standardized mean VRM at 1-cm resolution and the standardized curvature range and percent covers of Acropora and Pocillopora corals) are shown along with their 95% CI in the parentheses. The estimates whose 95% CI did not overlap with 0 are shown in bold and marked with asterisks (*). Fixed terms that were not included in the final model for any of the response variables are not included in this table. Estimates of standard deviation for the grouping factor, geographical locations, are also shown (sd(loc)) along with their 95% CI in the parentheses. Conditional means of each response variable for different geographical locations are also shown in Figure A1.
















	
	Depth
	VRM 1 cm
	VRM Deviation

4 cm
	Curvature Range
	VRM 1 cm × Curvature Range
	Acropora
	Pocillopora
	sd (loc)





	total abundance
	-
	-
	-
	-
	-
	-
	-
	0.63

(0.25–1.50)



	species richness
	-
	0.04

(−0.04–0.11)
	0.07 *

(0.00–0.14)
	−0.02

(−0.09–0.06)
	−0.12 *

(−0.24–0.00)
	-
	-
	0.18

(0.05–0.45)



	planktivores
	-
	-
	-
	-
	-
	-
	-
	1.39

(0.59–3.33)



	herbivores
	−0.03 *

(−0.06–−0.01)
	0.39 *

(0.18–0.60)
	0.48 *

(0.27–0.71)
	−0.03

−0.23–0.18
	−0.39 *

(−0.72–−0.06)
	-
	-
	0.38

(0.04–1.05)



	invertivores
	−0.02 *

(−0.04–0.00)
	-
	-
	-
	-
	-
	-
	0.23

(0.03–0.61)



	corallivores
	-
	0.58 *

(0.31–0.87)
	0.19

(−0.09–0.47)
	-
	-
	5.33 *

(2.17–8.69)
	14.18 *

(4.81–25.78)
	0.32

(0.02–0.93)



	piscivores
	-
	0.38 *

(0.13–0.65)
	0.23

(−0.01–0.48)
	0.25 *

(0.02–0.48)
	-
	-
	-
	0.19

(0.01–0.67)
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Figure 1. Map of the Hawaiian Archipelago, including the Northwestern Hawaiian Islands (NWHI). The boundary of Papahānaumokuākea Marine National Monument is shown by the dotted line. 
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Figure 2. Conditional effect plots for (a) the standardized mean VRM deviation at 4-cm resolution and (b) the interaction between the standardized mean VRM at 1-cm resolution and the standardized curvature range showing the estimates of species richness per survey site. 
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Figure 3. Conditional effect plots for (a) the standardized mean VRM deviation at 4-cm resolution and (b) the interaction between the standardized mean VRM at 1-cm resolution and the standardized curvature range showing the estimates of herbivore abundance per survey site. 
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Figure 4. Conditional effect plots for (a) the standardized mean VRM at 1-cm resolution, (b) the standardized mean VRM deviation at 4-cm resolution, (c) the proportion of Acropora coral cover and (d) the proportion of Pocillopora coral cover showing the estimates of corallivore abundance per survey site. 
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Figure 5. Conditional effect plots for (a) the standardized mean VRM at 1-cm deviation, (b) the standardized mean VRM deviation at 4-cm resolution and (c) the standardized curvature range showing the estimates of piscivore abundance per survey site. 
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Figure 6. Ordination generated by distance-based redundancy analysis (dbRDA) for the fitted model of the fish data from the 80 survey sites based on Bray-Curtis dissimilarity after square-root transformation of fish abundance versus the five explanatory variables: geographical locations (island/atoll names with “(loc)”), depth, standardized mean VRM at 1-cm resolution (VRM 1 cm), standardized mean VRM deviation at 4-cm resolution (VRM 4 cm) and standardized curvature range (curvature range). The strengths of the relationships between each explanatory variable and the dbRDA axes (dbRDA1 and dbRDA2) are shown as vectors at the top right. The abundances of the five fish species (A–E) are shown by the sizes of pies. The range fish abundance after square-root transformation is shown for each species in the parentheses next to the species name on the bottom right of the figure. 
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Table 1. Results of DISTLM conditional tests for the structure of fish assemblages as a whole on the basis of Bray-Curtis dissimilarity after square-root transformation of fish abundance. Explanatory variables used were geographical locations, depth, standardized mean VRM at 1-cm resolution, standardized mean VRM deviation at 4-cm resolution and standardized curvature range. None of the benthic cover variables further improved the model on the basis of AICc. The “+” in the variables column denotes an addition of the explanatory variable to the model.
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	Variables
	Explained SS
	Pseudo-F
	P
	R2





	location
	42,474
	4.650
	0.0002
	0.239



	+depth
	16,720
	10.302
	0.0002
	0.333



	+standardized VRM 1 cm
	3680
	2.308
	0.0060
	0.354



	+standardized VRM deviation 4 cm
	10,597
	7.221
	0.0002
	0.414



	+standardized curvature range
	3202
	2.220
	0.0026
	0.432
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