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Abstract: Many corals and reef-dwelling organisms are susceptible to the impacts of storm events,
which are typically characterized by large inputs of freshwater, sediment, and nutrients. The majority of storm effects are focused on shallow, nearshore reef flats, as low salinity and sedimentation
tend to dissipate with depth and distance from shore. In April 2018, record rainfall on the northern
coast of Kaua‘i caused extensive flooding and landslides, introducing large amounts of freshwater
and sediment into nearshore reefs. Using benthic and fish transects from 2016–2019 and temperature, sediment, and rainfall data gathered pre- and post-flood, this study aimed to quantify and
explicate the effects of flooding on the various biotic populations of two reef habitats at Pila‘a and
Hā‘ena, Kaua‘i. Results from the shallow Pila‘a reef suggest sediment and freshwater-associated
declines in mean urchin abundance (−52.0%) and increases in mean coral bleaching (+54.5%) at the
flood-prone eastern sector. Additionally, decreases in mean urchin (−65.7%) and fish (−42.3%) populations were observed at shallow Hā‘ena transects, but not deep sites, supporting the occurrence
of depth-specific affliction. Multivariate community-level analyses affirmed much of these results,
showing a significant shift in community structure before and after the flood at both Pila‘a and
Hā‘ena. The outcomes of this study are pertinent to strategic design and solution development by
local aquatic resource managers, especially as anthropogenic climate change continues to increase
the frequency, duration, and intensity of storm events.
Keywords: bioindicators; climate change; coral reefs; community structure; freshwater kills; historic
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Over the past several decades, many coral reef communities have been declining due
to local and global anthropogenic stressors [1,2]. Climate change has led to increases in
the frequency and intensity of weather events in many regions [3–5], including the Hawaiian Islands [6,7]. Generally, storm events can cause substantial damage to reef habitats
[8] and, when exacerbated by other factors such as ocean acidification [9–11] and warming
[12–14], may be even more harmful, as previously degraded corals can be more susceptible to future stress [15,16]. Many major weather events oftentimes lead to acute low salinity and subsequent “reef kills”, which can result in high morality of many benthic organisms, such as corals and reef-dwelling invertebrates (e.g., holothuroids, sponges, and crustaceans) [16–19]. Indeed, a 15–20% reduction in salinity over a 24 h period can produce a
lethal osmotic environment for corals and their endosymbionts [20], along with subsequent reduced coral recruitment and increased densities of suspension feeders [21]. Associated sedimentation can also suppress coral metabolism and induce energetically
costly immune responses [22]. Thus, post-flooding reductions in salinity, paired with sediment-induced light impairment and suffocation, can cause substantial bleaching and
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even mortality, particularly on shallow reef flats [16,23]. Moreover, freshwater flooding
can bring an influx of nutrients that can catalyze planktonic proliferations, which can further reduce light to corals, influencing growth, bleaching, and mortality [24–28]. Freshwater, sediment, and nutrient inputs generally attenuate as distance from shore increases
due to wind, waves, and tidal currents, thus concentrating the heaviest impacts of flooding on shallow nearshore areas [19,29,30].
The effects of storm-related stressors extend to other nearshore taxa as well. Sea urchins (Class: Echinoidea), which play a critical role in maintaining coral reef conditions,
are susceptible to changes in salinity. Acute salinity shifts, such as a freshwater discharge
or flood event, can result in up to 100% mortality in adult urchins [31]. This can be disruptive to entire ecosystems, as urchins are important in the suppression and modification of
macroalgal abundance, distribution, and assemblage [32–36]. Macroalgae generally compete with corals for space, nutrients, and light access, thus lack of algal population regulation can contribute to shifts from coral-dominant to algal-dominant regimes [37–39].
These shifts can lead to relatively depauperate communities, which are less resilient and
oftentimes have much of their ecological, economic, and social value inhibited.
Although storm events seldom lead to direct fish mortality [40], they have been
shown to cause ephemeral and prolonged decreases in the populations of many reef fish
taxa [41–43]. Potential sources of fish preclusion from storm-impacted areas include high
risk from turbid, low light zones [44], intolerance to low salinities [45], or direct physical
forcing of fish away from shallow areas by storm action [46]. Larval recruitment dynamics
have also been shown to be disturbed by storm events, suggesting juvenile replenishment
may occur at lower rates [47,48]. Furthermore, reef fish distribution and composition is
controlled by shelter and food availability [49], suggesting that habitat degradation may
be an indirect effect driving reef fish exclusion from storm-affected areas. Regardless of
the ultimate source of fish decline, major storm events have the capacity to (at least) transiently impact a reef’s fish assemblages, which can have consequences to local fishery
productivity and subsistence.
Coral reefs and their associated fauna are highly vulnerable to storm events that reduce salinity in shallow waters [17–19]. Flash floods, which are common in Hawai‘i, are
typically intense and short in duration. Three major stochastic freshwater flood events
and their impacts to coral reefs have previously been documented in Kāne‘ohe Bay,
O‘ahu, in 1965 [17], 1988 [19], and 2014 [16]. More recently, during 13–16 April 2018, heavy
flooding and landslides occurred on the northern coast of Kaua‘i. According to the National Weather Service, the rain gauge near Hanalei Bay recorded over 1.3 m of rain during
15–16 April 2018, setting the record for the highest rainfall in a 24 h period in the Hawaiian
Islands [50]. Flooding events such as these likely affect Hawaiian corals and other reef
organisms, although there currently exist few quantitative data to affirm this. This study
aimed to measure and evaluate the effects of this flooding event on fish, coral, and urchin
populations by drawing from benthic and environmental monitoring data of two reef
sites, Hā‘ena and Pila‘a, which are located 22.2 km apart on the north shore of Kaua‘i
(Figure 1). Sediment characteristics and rainfall estimates were used to describe and quantify flooding inputs, which were subsequently utilized to make inferences about changes
to water salinity and sedimentation post-flood. These environmental data were then related to any community structure and discrete population variations before and after the
major storm event. We anticipated overall declines in biota at Hā‘ena’s shallow reef sites,
which were separated by depth into deep (>7 m) and shallow (≤7 m) transects. At the
ubiquitously shallow (1–2 m) Pila‘a site, we also expected greater impacts to the exposed
eastern sector, which is more susceptible to flooding than the western sector due to local
circulation patterns and stream inputs [51].
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Figure 1. Map of the island of Kaua‘i with insets of the Pila‘a and Hā‘ena study sites. Fishing reserve boundaries are
outlined in red (limited fishing) and yellow (no-take) on the Hā‘ena inset. The Pila‘a map depicts the division of East and
West sectors by the main channel, delineated in white, with the locations of stream mouths depicted by white arrows.
Service layer credits: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, National Centre for Space Studies (CNES)/Airbus
Defence and Space (DS), U.S. Department of Agriculture (USDA), U.S. Geological Survey (USGS), Aerogrid, Institut
Géographique National (IGN), and the GIS User Community.

2. Materials & Methods
2.1. Site Descriptions
2.1.1. Pila‘a Reef
Pila‘a surveys were initially instigated in 2016 to assess system recovery from a late
2001 sedimentation event on the East Pila‘a reef sector, which was subsequently surveyed
in the summer of 2002. This event was caused by mudslides that were a result of extensive
grading [51]. The environmental and biological data from Pila‘a used in this study drew
from yearly sampling efforts spanning from 2016 to 2019 [52–55]. Annual sample sizes of
biological and environmental variable surveys at Pila‘a and the second site, Hā‘ena, are
presented in Table 1.
Pila‘a is a shallow reef (1–2 m in depth) with a major channel bisecting the reef flat,
which has a depth ranging from 9–15 m (m) at the reef’s outer edge. Several shallower
channels (1–2 m depth) help to increase circulation. The general circulation patterns show
incoming water flowing over the reef flat and exiting through the main channel (Figure
2). Flushing rates and residence times are dependent on high spring tides coinciding with
high offshore wave energy, although only moderate flushing is generated by large offshore waves due to a well-developed reef crest [51].
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Pila‘a reef has a history of sedimentation caused by extensive grading on the western
slope of the Pila‘a stream valley beginning in the mid-1990s. Generally, the eastern sector
of the reef is more heavily impacted by freshwater, sediment, and nutrient exposure from
flood events than the adjacent western sector due to stream proximity and structure of
local circulation patterns (Figures 1 and 2) [51]. This presented the opportunity to assess
the effects of the 2018 storm on communities in the high and low potential exposure areas
(East and West sectors, respectively). Because the reef flat depth does not exceed 3 m, the
possibility of ubiquitous exposure to a post-flood freshwater lens is also likely (consistent
with similar outcomes in [16,19]).
The abundance and distribution of Sarcothelia edmondsoni, a blue zooxanthellate octocoral [56], were also examined at Pila‘a, as blooms of this species have been detected
around the Main Hawaiian Islands and are potentially indicative of freshwater input and
other anthropogenic pollutants [57,58]. Octocorals, which are soft, nonreef building corals
(Subclass: Octocorallia, see Figure S1), have been used as bioindicators of poor coastal
water quality caused by human influence and freshwater input in many countries [59–61].
High abundances of the endemic S. edmondsoni have been found at sites influenced by
submarine groundwater discharge and seepage around the Main Hawaiian Islands, suggesting the resilience of S. edmondsoni to salinity fluctuation and anthropogenic input
[56,58,62].
Table 1. Annual sample size of transect surveys (fish, urchin, and coral data) and environmental data (temperature and
sediment loads) from 2016–2019. Depth corresponds to shallow (≤7 m) or deep (>7 m) transects at Hā‘ena, whereas sector
refers to the East or West portion of the Pila‘a reef.

Site

Sector/Depth
Shallow
(≤7 m)

Hā‘en
a
Deep
(>7 m)

East
(1–2 m)
Pila‘a
West
(1–2 m)

Variables
Fish abundance and biomass
Sea urchins

Data Collection Method

Transect surveys
Transect surveys
Transect surveys and CoralCoral bleaching
Net
Sediments
Bulk grab sample
Fish abundance and biomass
Transect surveys
Sea urchins
Transect surveys
Transect surveys and CoralCoral bleaching
Net
Sea urchins
Transect surveys
Coral bleaching and Sarcothelia abun- Transect surveys and Coraldance
Net
Temperature
Loggers
Sediments
Bulk grab sample
Sea urchins
Transect surveys
Coral bleaching and Sarcothelia abun- Transect surveys and Coraldance
Net
Temperature
Loggers
Sediments
Bulk grab sample

Year (n)
201 201 201 201
6 7 8 9
42 112 73 58
42 57 73 58
42 57 73 58
9 N/D 19 N/D
56 99 37 40
56 51 37 40
56 51 37 40
37 48 39 23
37 48 39 23
5 1 4 N/D
7 N/D 5 N/D
13 34 21 27
13 34 21 27
3 1 2 N/D
3 N/D 3 N/D
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Figure 2. Map of Pila‘a, Kaua‘i, depicting locations of temperature loggers, sediment collections, and prevailing current
patterns. Service layer credits: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community.

2.1.2. Hā‘ena Reef
Field surveys at Hā‘ena also occurred from 2016 to 2019 and were initiated to establish baselines and determine the efficacy of management actions imposed on fishing
[50,57,63,64]. The Hā‘ena reserve is divided into management zones of differing fishing
pressure. Sampling occurred within and outside this fishing reserve (Figure 1); however,
fishing pressure was not found to have a confounding influence on changes to fish populations from 2017 to 2018 [50]. At both Hā‘ena and Pila‘a, surveys were restricted to summer months in order to avoid any confounding effects of seasonal change.
The exposed north shore of Kaua‘i is characterized by high wave energy with the
North Pacific Swell as the main forcing function and dominant driver of benthic communities. Two perennial streams intersect the Hā‘ena ahupua‘a (land division) originating in
the valleys of Mānoa and Limahuli. They provide a significant freshwater contribution to
the nearshore biotic composition.
Unlike the Pila‘a reef flat where depths are fairly consistent, the Hā‘ena reef has a
diverse range of depths (see Table S1), facilitating separation by depth in analyses (Figure
3). This accounts for any natural variation in benthic populations by depth and serves to
delineate areas with potential contact to flooding-associated freshwater lenses. As such,
Hā‘ena transects were categorized as either shallow (≤7 m) or deep (>7 m) in depth in
order to allow for consideration of shallow population exposure to low salinity zones.
Freshwater is less dense than seawater and is thus generally distributed at the top of the
water column [19].
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Figure 3. Bathymetry map of Hā‘ena, Kaua‘i, and locations of sediment collections from 2016 and 2018. Service layer
credits: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, Getmapping, AeroGRID,
IGN, swisstopo, and the GIS User Community.

2.2. Station Selection Criteria
A power analysis of previous data from both sites determined that approximately 50
transects at Pila‘a and 100 transects at Hā‘ena were sufficient to evaluate temporal change
annually. Locations of these transects were randomly stratified by depth with new locations generated each year of sampling. These points were projected onto habitat maps and
all satellite imagery maps in this paper were produced using ArcGIS ArcMap version
10.3.1 (see Figures S2 and S3 for survey locations at both sites from 2016–2019). For Hā‘ena,
National Oceanic and Atmospheric Administration (NOAA) benthic habitat basemaps
were used to assure adequate coverage of different hard-bottom habitats, depths, and full
spatial representation in a stratified design. In the field, each team navigated to stratified
random stations using a Garmin GPSMAP 78S.
2.3. Biological Surveys
2.3.1. Fishes and Urchins
The Kaua‘i Assessment of Habitat Utilization (KAHU) survey teams consisted of a
fish and benthic surveyor. The fish surveyor recorded species, size (total length in cm),
and the number of individual fishes to 2.5 m on each side of a 25 m transect line (5 m
width), with a random bearing predetermined for the cardinal directions (0°, 90°, 180°,
270°) to prevent bias of habitat selection. To allow for larger and faster moving fishes, a
minimum observation time of 10 min was required per transect. Size length estimates in
the field were converted to biomass estimates (grams/meter squared (g/m2)) using length–
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weight fitting parameters obtained from the Hawai‘i Cooperative Fishery Research Unit
(HCFRU) Fishbase. Conversions between recorded total length (TL) in cm and other
length types (e.g., fork length (FL)) contained in databases involved the use of linear regressions and ratios from Fishbase linking length types (www.fishbase.org). The benthic
diver counts all urchin species in a 1-m wide belt, on the shoreward side of the transect.
2.3.2. Corals
To quantify the abundance of bleached corals and S. edmondsoni for each site in a
given year, benthic photos (50 × 69 cm/0.35 m2 area) were taken with a Canon G16 camera
in an underwater housing mounted on a monopod. Photographs were taken on the shoreward side of the transect at every meter along the 25 m line, starting at 0 m to prevent
overlap while keeping the monopod perpendicular to the bottom to avoid parallax. The
coral reef analyses program CoralNet [65–67] was used to process images and visually
annotate species, with 25 random points generated on each of the 26 transect images (e.g.,
Figure 4). While it has been shown that CoralNet’s fully automated annotations provide
benthic cover estimates highly comparable to those derived from human annotators [67],
this study did not utilize the automated image annotation component of the program. An
observer manually identified substrate or species under each point to the lowest taxonomic level possible. Categorical variables included: (a) coral species and bleaching condition, (b) algal functional groups, (c) invertebrates, and (d) substrate types. Coral was
classified as bleached when >90% of the colony was bleached. CoralNet outputs calculate
proportions in percent cover of total benthic composition for each image, and data were
pooled by transect (26 images per transect) within each division or sector. For example, if
five points out of the 25 randomly generated points landed on octocoral, then octocoral
would comprise 20% of total benthic composition for that image. Proportions for all
bleached coral species and octocorals were extracted exclusively from outputs to examine
patterns and changes that occurred before and after the flood event. All survey methods
were noninvasive with no biota disturbance.
2.3.3. Sarcothelia edmondsoni Mapping Swim Surveys
The abundance of S. edmondsoni was quantified using CoralNet, although additional
mapping surveys were initiated to ascertain the extent and spatial distribution of the octocoral. The Pila‘a reef flat was divided into approximately 0.01 km2 (10,000 m2) sectors
using ArcGIS ArcMap 10.3.1, with eight sectors encompassing the West reef flat and 13
sectors covering the East reef flat. To provide an accurate representation of the population,
locations in both the seaward and landward sections were surveyed. A pair of surveyors
approximately 2 m apart swam parallel to each other, recording occurrence of S. edmondsoni in a 1-m wide belt on each side, yielding a 4-m wide survey swath along each swim.
A lawnmower type swim pattern was employed to cover each sector area, utilizing a compass to aid in navigation and direction. Boundaries of sectors were located and marked
with buoys and, to assure full area coverage within each sector and track routes, a Garmin
GPSmap 78sc was employed. Due to the large area surveyed, species occurrence was recorded using the DACOR method (dominant, abundant, common, occasional, rare) [68].
Tracking routes along with species abundance data were plotted in ArcGIS ArcMap 10.3.1
and percent area cover was calculated using ArcGIS map tools.
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Figure 4. Example photograph used for analysis in CoralNet showing the 25 random points generated by the program. In
this image, points 4, 6, and 8 were classified as a bleached Pocillopora ligulata colony, points 14 and 20 were identified as a
healthy P. ligulata colony, and points 22 and 23, for example, were classified as turf algae.

2.4. Environmental Characterization
2.4.1. Rainfall
Rainfall data were gathered and utilized to describe the extent of freshwater input
into the Pila‘a and Hā‘ena reef sites (Figure 5). Pila‘a total monthly rainfall data (mm) were
gathered from the Kilauea rain gauge (SKN: 1134) and Hā‘ena total monthly rainfall data
(mm) were gathered from the Wainiha rain gauge (SKN: 1115), each from 2016 to 2019
[6,7,69]. Field measurements of water salinity and pH were not available for this study
due to inconsistent site access. Generally, the unpredictable nature of storm events and
coastal runoff makes inclusion of these in situ water quality variables into studies investigating flooding incidents difficult. Although both rain gauges were located upstream
and at higher elevation than the reefs, our estimates of rainfall do unequivocally show
that (a) 2018 had an anomalously high amount of rain month-to-month and as a year overall compared to other years in the study period, and that (b) the existence of a major storminduced flooding event occurred from 13–15 April 2018, about three months prior to our
sampling dates.
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Figure 5. Total monthly rainfall (mm) from the Kilauea rainfall gauge used as proxy for the Pila‘a reef flat (top) and the
Wainiha rainfall gauge used as a proxy for the Hā‘ena reef (bottom). Blue bars represent months when sampling occurred.
Red outlined bars distinguish the month when the major flooding event occurred (April 2018).

2.4.2. Temperature
During 2017 and 2018, Onset water temperature Pro v2 loggers were placed on the
reef flat at Pila‘a in a spatially strategic design to encompass temperature differences, taking into account proximity to streams, current wave patterns, and depth (Figure 2). The
number of loggers installed and retrieved varied by year as a result of missing loggers or
instrument failure (Table 1). In 2017, temperature data were averaged between six loggers
in the East and four loggers in the West, and in 2018, temperature values were averaged
from four loggers in the East and two loggers in the West. For relocation purposes, wire
leader was attached to a small 10 cm float extending approximately 20 cm from the end
of a 3/16 inch stainless-steel pin with a stainless-steel cable tie securing each temperature
gauge. GPS coordinates were documented for each location using a Garmin GPSmap 78sc.
Location selection criteria and spatial distribution were based on depth, coverage, and
transect location to allow full spatial representation of the reef flat. Gauges recorded temperature at 30 min intervals throughout the deployment period. Data were downloaded
annually using Onset HOBOware version 3.7.12. No temperature data were collected for
the Hā‘ena region.
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2.4.3. Sediment Characteristics

Sediment Collection
Two replicate bulk sediment samples were collected in Nasco Whirlpak® 13-ounce
bags at each collection location from points stratified by depth using ArcGIS ArcMap
10.3.1 (Figures 2 and 3). At Hā‘ena, sampling occurred during August 2016 and June 2018
and, at Pila‘a, during August 2016 and July 2018. Sediment was collected where available
from the substrate surface in closest proximity to the GPS point, with all samples at Hā‘ena
taken from <7 m depth and all samples at Pila‘a from <3 m depth. Collection bags were
approximately half filled with sediment. Sediment sample sizes from Hā‘ena and Pila‘a
are shown in Table 1. All samples were first homogenized with a scoop, with two subsamples then obtained from each of the two replicate samples for subsequent sediment
grain size and composition analyses to determine the average proportions in grain sizes
and composition for each sampling site.
Sediment Grain Size
To measure size fractions, standard brass sieves were used (USA Standard Testing
Sieve, ASTME-11 specifications). A brass catch pan collected the silt/clay fraction. Five
size fractions were identified: granule (>2.8 mm), coarse and very coarse sand (500 µm –
2.8 mm), medium sand (250–500 µm), fine and very fine sand (63–250 µm), and silt/clay
(<63 µm) in accordance with the Wentworth scale [70]. Each size fraction was collected in
preweighed Whatman 114 wet-strength filters, air dried and weighed to determine the
proportion of each size fraction. Only the four smallest size fractions were used in analyses
to avoid overweighting of large pieces.
Sediment Composition
To determine the inorganic–organic carbon fraction, approximately 20 g of bulk sediment were finely ground using an IKA® A11 basic analytical mill or mortar and pestle.
Subsamples were oven-dried for 10 h at 100 °C to remove moisture, placed in a desiccator,
and weighed to obtain initial weights. To remove the organic fraction, roughly 10 g were
burned in a muffle furnace for 12 h at 500 °C (LOI500), placed in a desiccator, and weighed
[71,72]. For removal of carbonate material, samples were placed in a muffle furnace for 2
h at 1000 °C (LOI1000), cooled in a desiccator, and weighed [72]. The remaining sample
after initial incinerations represented terrigenous material, and loss-on-ignition values
were then used to calculate proportions of each sediment component (organic, carbonate,
terrigenous) [72].
2.5. Statistical Analysis
R (Version 3.6.2) and the integrated development environment, R-Studio Desktop
(Version 1.1.453, RStudio PBC, Boston, MA, USA), were used for all data analyses [73].
Significance level was set at α = 0.05 for all analyses. Graphs depicting discrete biotic populations (fishes, urchins, and coral) were generated using JMP® Pro 15 (SAS Institute Inc.,
Cary, NC, USA).
2.5.1. Environmental Data
Summer temperatures from June through September were isolated in order to examine possible correlation with coral bleaching. In cases where multiple loggers gathered
data, temperatures were averaged to evaluate annual differences during summer months.
The high level of observed bleaching instigated the calculation of degree heating weeks
(DHW) based on the mean monthly maximum and a bleaching threshold of 29 °C. DHWs
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were used to determine whether elevated temperatures, rather than only salinity decreases, contributed to bleaching [12]. Overall mean summer temperatures during 2017
and 2018 were calculated as grand means taken from the individual monthly means of
June through September.
Grain size data for coarse, medium, and fine sand proportions from Pila‘a and Hā‘ena
were normalized using a logit transformation and subsequent homogeneity of variance
assessed using a Levene’s test from the R package car [74]. Transformed grain size proportions from 2016 and 2018 were then compared by year at Hā‘ena and by sector and
year at Pila‘a using unpaired two-tailed t-tests. Silt/clay grain size data and sediment composition data at Pila‘a and Hā‘ena were evaluated using unpaired Wilcoxon rank sum
tests, as these data were unable to be normalized. No environmental data were compared
between sites.
2.5.2. Community-Level Multivariate Approach
All biological data were analyzed at a community level using nonmetric multidimensional scaling (nMDS) models. Variables included in community matrices were fish count,
fish diversity, number of fish species, urchin count, and percent bleached coral of total
coral cover. Site (Hā‘ena and Pila‘a) and period (pre-flood (2016–2017) and post-flood
(2018–2019)) were used as grouping factors. Ecological variables were evaluated between
and among sites; a total of three models were used to visualize and interpret dissimilarity
in the overall multivariate community responses. For the aggregated model, there were a
total of 573 observations, while the Hā‘ena-only model used 380 and the Pila‘a-only model
used 193. Input data for multivariate analyses were square-root transformed and a Bray–
Curtis index calculated to construct distance matrices for the creation the nMDS plots. All
nMDS model were iterated a maximum of 100 times at three dimensions (k = 3). Permutational multivariate analyses of variance (PERMANOVA, [75]) were conducted to determine any effects of reef depth or sector and timing of the flood event on community structure, with number of permutations set at a maximum of 999. Subsequently, pairwise comparisons of the sector/depth and time period were examined using the similarity percentage (SIMPER, [76]) in order to assess the contribution of each biological parameter to the
average dissimilarity between groups. Multivariate analyses were performed using the R
package vegan [77].
2.5.3. Discrete Population Univariate Approach
Negative binomial generalized linear models (GLM) were applied to analyze the
non-normal sea urchin count data at Hā‘ena and Pila‘a using the R package MASS [78].
These best fit GLMs were selected by evaluation of Akaike information criterion (AIC)
values, overdispersion indices, and residual plots. Best fit models included interaction
terms for both Hā‘ena (Year x Depth) and Pila’a (Year x Sector). Model estimated marginal
mean (EMM) contrasts with false discovery rate (FDR) adjustments were used to evaluate
post hoc differences in urchin counts between years for a given site. EMM comparisons
were completed using the R package emmeans [79]. Separate GLMs were run for Hā‘ena
and Pila‘a, as no between site models were created for any biological univariate data (including fish, described below).
Fish counts were modeled at Hā‘ena using a negative binomial GLM, which was selected via the same criteria used for sea urchin counts. The best fit model was found to
explain count data interactively (Year x Depth). Model EMM contrasts with FDR adjustments were also used to examine post hoc differences in fish counts between years and
depths. Fish biomass data were normalized using a fourth-root transformation and subsequent tests for homogeneity of variance between years and depths confirmed using a
Levene’s test. A two-way analysis of variance (ANOVA) with year and depth as factors
was then run to assess differences in average biomass with respect to year and depth. Fish
abundance and biomass at Pila‘a were not included in univariate analyses.
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Overall fish abundance at Hā‘ena was assessed and divided into functional groups
of invertivores, herbivores, zooplanktivores, and piscivores. Methodology drew directly
from previously analysis of data undergone in Rodgers et al. [57]. Data for each trophic
level were evaluated using nonparametric Kruskal–Wallis tests with year as the sole factor, as they were unable to be normalized. Post hoc comparisons by year were completed
using Dunn tests with Bonferroni adjustments. Kruskal–Wallace tests were performed using base R and Dunn tests were run using the R package DescTools [80].
The abundance (percent of total coral cover) and distribution of S. edmondsoni were
assessed via KAHU surveys at Pila‘a only. The presence of S. edmondsoni was not detected
at Pila‘a West and, at Pila‘a East, the distribution of proportion data was non-normal and
had predominantly zero values for all years except 2018. As such, yearly S. edmondsoni
abundance at Pila‘a East was evaluated via a univariate PERMANOVA with a Euclidean
dissimilarity index, with number of permutations set at a maximum of 999 [75,77]. To
examine differences in abundance between years, a post hoc analysis was run using the R
package pairwiseAdonis [81]. Additionally, the relative occurrence (presence/absence) of S.
edmondsoni between years was compared using chi-squared test of proportions.
Proportion of bleached coral was calculated as a percentage of the total observed
coral. Bleached coral proportion data were not normally distributed at Hā‘ena and Pila‘a,
thus nonparametric unpaired Wilcoxon rank sum tests were used for comparison of
bleached coral from 2017 to 2018 at both sites.
3. Results
3.1. Environmental Factors
3.1.1. Rainfall & Temperature
Total monthly rainfall for both study sites is shown in Figure 5. Total rainfall during
the study period was highest at Hā‘ena during April 2018 (798 mm) and highest at Pila‘a
during August 2018 (463 mm). Although rainfall in Pila‘a was greatest during August
2018, the major pulse event occurred during April 2018, which received a total of 410 mm.
Mean total monthly rainfalls at Hā‘ena and Pila‘a during the study period (excluding
April 2018) were 216 and 158 mm, respectively.
Temperature data from the summer months (June–September) of 2017 and 2018 were
extracted from loggers deployed at Pila‘a East and West, although data from July–September 2017 at Pila‘a East were lost and temperature after July 2018 would not have influenced the coral bleaching surveys presented in this study.
Mean temperatures at Pila‘a East during 2017 and 2018 were 26.6 and 26.7 °C, respectively, with the maximum temperature in 2017 (29.3 °C) being higher than the maximum
temperature in 2018 (28.3 °C). A total of 2.5 h of temperatures exceeding the coral bleaching threshold (>29 °C) were recorded during the 2017 summer months, although there
were no thermal anomalies above the bleaching threshold during 2018 summer months
[12]. Furthermore, mean temperature by month during 2017 and 2018 did not exceed 26.7
°C during any month of 2017 or 2018. Mean temperatures at Pila‘a West during 2017 and
2019 were 27.0 and 26.4 °C, respectively, with similar maximum temperatures during 2017
(28.9 °C) and 2018 (28.7 °C) and no incidences of temperature exceeding the coral bleaching threshold. Mean temperature in 2017 was highest during September (27.6 °C) and, in
2018, during July (26.3 °C). When combining temperature from both sectors, mean summer temperature at the Pila‘a reef was lower in 2018 (26.3 °C), the year of the flood event,
than in 2017 (27.1 °C).
3.1.2. Sediment
Pila‘a sediment grain size between years and sectors show an increase in coarse sand
and silt/clay fractions from 2016 to 2018 (Table 2). The freshwater and sediment input from
the major flooding event in 2018 resulted in greater proportions of fine silt/clay and terrigenous deposits on both sectors of the Pila‘a reef as compared to 2016. The level of silt/clay
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in the East during 2018 (10.1%) was much higher than 2016 levels (1.2%, Table 2), but
lower than those reported in 2002 following the 2001 major sediment event (13.9%) that
devastated the East Pila‘a reef flat [51]. The increase from 2016 to 2018 of silt/clay fractions
in the East was significant (Wilcox test, p = 0.003). A similar increase in the West from 0.6%
to 9.0% was also observed (Wilcox test, p = 0.100), with less statistical confidence likely
due to a smaller sample size (n = 3, Table 1). Alternatively, larger grain (coarse) sizes in
the 2016 survey prior to the flood event were greater in the East (84.3%) and West (88.8%)
as compared to post-flood fractions (t-tests, East 65.8%, p = 0.028 and West 65.9%, p =
0.035).
Hā‘ena sediment grain size measurements between years are also shown in Table 2.
The fraction of silt/clay increased from 0.4% in 2016 to 6.2% in 2018 (Wilcox test, p ≤ 0.001).
Coarse sand also decreased from 71.6% in 2016 to 61.5% in 2018; however, this difference
was not statistically significant. Hā‘ena sediment data were only sampled at shallow
depths (≤7 m, Figure 3).
Sediment composition (organics, carbonate, and terrigenous) was also analyzed in
2016 and 2018 at both Pila‘a sectors and Hā‘ena shallow stations (not shown). Carbonate
was the most dominant sediment type, comprising at least 85% of total sediment across
all years and sites. Terrigenous sediment, which is commonly associated with flood runoff, increased from 3.2% in 2016 to 5.5% in 2018 at Pila‘a East, although this was not statistically significant. Alternatively, Pila‘a West terrigenous sediment was mostly unchanged (2.5% in 2016 and 2.3% in 2018). Terrigenous sediment at Hā‘ena decreased from
8.0% in 2016 to 5.9% in 2018, albeit insignificantly. There were no significant changes between years for any sediment types at Pila‘a or Hā‘ena.
Table 2. Mean and ±SE of the mean of sediment grain size fractions (%) at Pila‘a and Hā‘ena during
2016 (pre-flood) and 2018 (post-flood). The shallow Pila‘a reef flat was sampled at 1–2 m, whereas
Hā‘ena sediment was sampled at stations <7 m in depth. Significant differences between 2016 and
2018 for a given sector or depth are denoted by (*) = p ≤ 0.05 or by a trend towards significance (†) =
p ≤ 0.1. Differences between years were evaluated using t-tests for coarse, medium, and fine grain
sizes, whereas Wilcoxon rank sum tests were used for silt/clay comparisons between years.

Site
Pila‘a East
Pila‘a East
Pila‘a West
Pila‘a West
Hā‘ena
Hā‘ena

Year
Coarse
2016 84.9 ± 4.7
2018 65.8 ± 7.9 *
2016 88.7 ± 2.2
2018 65.9 ± 7.5 *
2016 71.6 ± 11.4
2018 61.5 ± 5.1

Medium
Fine
Silt/Clay
7.9 ± 2.0
6.1 ± 3.4
1.2 ± 0.5
15.0 ± 6.3
9.1 ± 1.1 10.1 ± 0.8 *
8.6 ± 2.6
2.1 ± 0.5
0.6 ± 0.2
17.0 ± 5.3 8.1 ± 2.3 * 8.9 ± 0.9 †
17.5 ± 6.0 10.5 ± 6.1
0.4 ± 0.1
†
7.7 ± 1.6
6.2 ± 0.3 *
24.7 ± 4.6

3.2. Biological Factors
3.2.1. Community-Level Changes
The multisite nMDS model successfully converged and well represented characteristics of reef organism assemblage that may be influenced by site and period (stress = 0.05,
nonmetric fit R2 = 0.99). Figure 6 shows a slight deviation in reef community characteristics
before and after the flood event in April 2018 at both Hā‘ena and Pila‘a.
PERMANOVA results indicated that there were differences in the positions of surveyed transects in multivariate space when compared by site (df = 1, p = 0.001) and period
(df = 1, p = 0.001). The interaction between location and period was also significant (df = 1,
p = 0.017). There were differences in how reef organisms responded at Hā‘ena and Pila‘a
before and after the flood event. Pairwise comparisons showed that fish count (p = 0.001)
contributed to the dissimilarity between pre- and post-flood event periods at Hā‘ena. At
Pila‘a, biological variables contributing to the dissimilarity between the pre- and postflood reef communities included bleached corals (p = 0.001), fish diversity (p = 0.009), and
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number of fish species (p = 0.012). When comparing community differences between
Hā‘ena and Pila‘a, pairwise comparisons also indicated that fish count (p = 0.036) contributed to the dissimilarity between the two sites prior to the flood event. After the flood
event, sea urchin count (p = 0.001) and bleached coral (p = 0.001) contributed to the dissimilarity in reef community characteristics between the two sites.

Stress = 0.05
Nonmetric fit R2 = 0.99

Figure 6. Nonmetric multidimensional scaling (nMDS) plot of reef organism compositions grouped by site (Hā‘ena and
Pila‘a) and period relative to the flood event (before and after April 2018). Each ellipse indicates the 95% confidence drawn
around the centroid by the periods of pre- and post-flood event.

When evaluating community shifts at Hā‘ena only, the nMDS model converged resulting in a strong representation of the biological community (stress = 0.06, nonmetric fit
R2 = 0.99). PERMANOVA results showed a difference among groups when compared by
depth (df = 1, p = 0.001) and period (df = 1, p = 0.001), whereas the interaction between
depth and period was not significant. Pairwise comparisons showed that fish count (p =
0.001), fish diversity (p = 0.002), and sea urchin count (p = 0.049) contributed to the dissimilarity between pre- and post-flood communities in the shallow sector. In the deep sector,
no specific biological factors contributed to the dissimilarity between flooding periods.
Fish count (p = 0.002) and sea urchin count (p = 0.043) contributed to the dissimilarity between the shallow and deep sectors before the flood, while bleached corals explained dissimilarity (p = 0.001) between the shallow and deep groups after the flood event.
The nMDS model for Pila‘a also converged and well represented the responses of
reef organisms (stress = 0.05, nonmetric fit R2 = 0.99). PERMANOVA results showed that
there were differences in groups compared by sector (df = 1, p = 0.001) and period (df = 1,
p = 0.001). The interaction between sector and period was also significant (df = 1, p = 0.017).
Pairwise comparisons showed that number of fish species (p = 0.001) contributed to the
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dissimilarity between pre- and post-flood event groups in the East. In the West, no specific
biological factor contributed to the dissimilarity between pre- and post-flood groups.
While the fish count (p = 0.047) and sea urchin count (p = 0.001) contributed to the dissimilarity between the East and West sectors before the flood, bleached corals contributed to
the dissimilarity (p = 0.001) between the East and West sectors post-flood event.
3.2.2. Fishes
Changes in total fish populations were calculated at Hā‘ena. A large percent change
in mean total fish abundance (−32.7%) and biomass (−22.9%) was observed from 2017 to
2018, with a contrasting increase from 2018 to 2019 in abundance (+22.7%) and biomass
(+20.8%). With respect to abundance, this decrease from 2017 to 2018 was significant
(EMM, p ≤ 0.001), however, the subsequent recovery in 2019 was not. These declines in
total abundance from 2017 to 2018 were consistent when fish populations were grouped
by trophic level (not shown, [57]). Decreases in mean invertivore (−21.4%) and zooplanktivore (−73.0%) abundance occurred from 2017 to 2018 (Dunn, p = 0.014 and p ≤ 0.001,
respectively). A decrease in mean herbivore abundance (−30.0%) was also observed, although this change was insignificant (Dunn, p = 0.314). There was no observed change in
average piscivore abundance, although in both 2017 and 2018 this trophic level accounted
for only 2.74% of total fish abundance.
Year and depth were found to interactively explain differences in fish abundance (LR
χ2 = 8.11, df = 3, p = 0.044). Similar patterns to those seen for overall abundance were found
at shallow stations only (≤7 m), showing a pronounced decline in fish abundance from
2017 to 2018 (EEM, p ≤ 0.001, Figure 7a, Table 3). There were, however, no changes in
abundance at deep stations (>7 m). Although fish biomass declined the year of the flood
event at both shallow and deep stations and rebounded the following year, these changes
were not statistically significant (Figure 7b).

(a)

(b)

Figure 7. Mean fish abundance (individual/m2) (a) and biomass (g/m2) (b) by year in Hā‘ena, Kaua‘i, at shallow (≤7 m) and
deep (>7 m) stations from 2016 through 2019. Error bars represent ±SE of the mean. Letters correspond to the highest (a)
through lowest (d) yearly abundance or biomass point. Letters above points represent the years they are insignificantly
different from (p > 0.05). NSD = no significant differences between any years for the comparison subset.
Table 3. Model estimated marginal mean (EMM) post hoc comparisons of fish abundance at Hā‘ena
between years separated by depth. Test statistic ratios (z-ratios) represent magnitude of difference,
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with a positive ratio indicating that the left comparison year was greater (and vice versa). Bolded
and italic comparisons represent a significant difference (*) = p ≤ 0.05 or a trend towards a significance diﬀerence (†) = p ≤ 0.1.

Depth

Years
2016–2017
2016–2018
2016–2019
2017–2018
2017–2019
2018–2019
2016–2017
2016–2018
2016–2019
2017–2018
2017–2019
2018–2019

Shallow

Deep

Z-Ratio
−3.548
0.380
−1.412
4.566
2.244
−2.012
0.034
1.703
0.970
1.918
1.073
−0.658

SE
0.085
0.155
0.122
0.209
0.167
0.102
0.120
0.195
0.179
0.170
0.157
0.147

Sig.
0.001 *
0.704
0.189
<0.001 *
0.050 *
0.066 †
0.973
0.265
0.498
0.265
0.498
0.612

3.2.3. Sea Urchins
Echinometra mathaei (rock boring urchin) was the dominant sea urchin species found
across all years, sectors, and depths. This species accounted for >90% of urchin composition at Pila‘a across all years and sectors, and >50% of urchin composition across all years
and depths at Hā‘ena. Total urchin abundance at Pila‘a was influenced by both year (LR
χ2 = 16.36, df = 3, p ≤ 0.001) and sector (LR χ2 = 11.48, df = 1, p ≤ 0.001) without significant
interaction. Urchin abundance in East Pila‘a increased from 2016 to 2017 (EMM, p ≤ 0.001),
then showed a trend towards a significant decrease from 2017 to 2018 (EMM, p = 0.063).
All post hoc comparisons between years, separated by sector, are shown in Table 4.
Year and depth were found to interactively explain changes in Hā‘ena urchin abundance (χ2 = 15.58, df = 3, p = 0.001, Figure 8a). There were no significant differences in
urchin abundances between years at deep stations (>7 m). At shallow stations, however,
urchin abundance during 2017 was greater than urchin abundance during 2018 (EMM, p
≤ 0.001). All post hoc comparisons between years, separated by depth, are shown in Table
4.
Table 4. Model estimated marginal mean (EMM) post hoc comparisons of urchin abundance at
Pila‘a (left) and Hā‘ena (right) between years. Test statistic ratios (z-ratios) represent magnitude of
difference, with a positive ratio indicating that the left comparison year was greater (and vice versa).
Bolded and (*) comparisons represent a significant difference of p ≤ 0.05, while (†) represent a trend
towards significance (p ≤ 0.1).

Sector

Years
2016–2017
2016–2018

East 2016–2019
2017–2018
2017–2019

SE z-Ratio Sig.
0.09
4
0.17
8
0.21
0
0.66
4
0.77
9

Depth

Years

<0.001
*

2016–2017

−1.796 0.109

2016–2018

−1.475 0.168

Shal2016–2019
low

−3.760

2.307 0.063 †

2017–2018

2.149 0.063 †

2017–2019

SE z-Ratio Sig.
0.36
4
1.03
5
0.93
8
0.73
7
0.67
6

0.741 0.550
<0.001
*
<0.001
3.860
*
<0.001
4.255
*
<0.001
3.500
*
4.524
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2018–2019
2016–2017
2016–2018
2016–2019
West
2017–2018
2017–2019
2018–2019

0.34
2
0.29
5
0.45
2
0.69
0
0.53
4
0.79
9
0.57
6

0.116 0.908

2018–2019

−0.840 0.481

2016–2017

0.077 0.939

2016–2018

1.192 0.430

2016–2019
Deep

1.065 0.430

2017–2018

2.502 0.074 †

2017–2019

1.289 0.430

2018–2019

(a)

0.22
−0.548
4
0.21
−1.029
1
0.23
−0.882
5
0.38
0.819
6
0.30
0.061
6
0.50
1.827
3
0.53
1.625
6

0.584
0.495
0.495
0.495
0.952
0.313
0.313

(b)

Figure 8. Pila‘a (a) and Hā‘ena (b) mean urchin abundance (individual/m ) by year, divided by sector (East/West) at Pila‘a
and depth (deep/shallow) at Hā‘ena. Error bars represent ±SE of the mean. Letters correspond to the highest (a) through
lowest (d) yearly abundance point. Letters above points represent the years they are insignificantly different from (p >
0.05). NSD = no significant differences between any years for the comparison subset.
2

3.2.4. Sarcothelia edmondsoni
The abundance and distribution of the zooxanthellate soft octocoral Sarcothelia edmondsoni showed marked increases following the flood event in 2018 at Pila‘a. S. edmondsoni was recorded on 4% of the KAHU transects in 2016 (n = 50), 0% in 2017 (n = 51), 15%
in 2018 (n = 50), and 0% in 2019 (n = 50). The presence of S. edmondsoni was not detected
through KAHU transect surveys at Pila‘a West during any of the study period years. At
Pila‘a East, the proportion of transects where presence of S. edmondsoni was observed was
highest during 2018 when compared to all other years (χ2, p ≤ 0.05 for all comparisons).
The percent of total coral cover for S. edmondsoni at Pila‘a East differed by year (PERMANOVA, p = 0.003, Figure 9). S. edmondsoni abundance was highest during 2018 when
compared to all other years (p ≤ 0.05, Table 5).
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Table 5. Pairwise PERMANOVA post hoc comparisons of S. edmondsoni abundance at Pila‘a East
between years. Bolded and (*) comparisons represent a significant difference of p ≤ 0.05.

Sector

East

Years
2016–2017
2016–2018
2016–2019
2017–2018
2017–2019
2018–2019

F
0.921
3.872
0.847
4.967
N/A
4.565

Sig.
0.755
0.045 *
0.758
0.023 *
N/A
0.031 *

Detailed benthic mapping surveys initiated in 2018 and continued in 2019 show similar results as the benthic KAHU surveys for recovery following the flood. The distribution
of S. edmondsoni was considerably more extensive following the flood in 2018 than one
year later in 2019, showing a 41.8% decline in distribution (Figure 10).

Figure 9. Mean Sarcothelia edmondsoni abundance (percent of total coral cover) at Pila‘a East from
2016 to 2019. S. edmondsoni was not detected in 2017 or 2019. Error bars represent ±SE. Letters correspond to the 2019 (a), 2016 (b), and 2017/2019 (c). Letters above points represent the year(s) they
are insignificantly different from (p > 0.05).
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Figure 10. Sarcothelia edmondsoni abundance and distribution at Pila‘a, Kaua‘i, in 2018 the year of the flood event (left) and
2019 (right) following the flood event. Service layer credits: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community.

3.2.5. Coral Cover & Bleaching
Mean coral cover at Pila‘a was notably lower than the state average for the Main Hawaiian Islands and was relatively consistent from 2016–2019, ranging from 2.1% to 2.7%
as compared to the state average of 20.8% [82]. Dominant corals included Porites lobata, P.
compressa, Pocillopora meandrina, Montipora capitata, M. patula, and the octocoral S. edmondsoni. On the Pila‘a East reef flat, mean bleached coral was lower in 2017 (10.7%) than in
2018 (23.5%), although this change was not statistically significant likely due to the high
number of zero values and variability (Wilcox, p = 0.133, see Figure S3a). On the Pila‘a
West reef flat, mean bleached coral percentages were similar in 2017 (14.8%) and 2018
(13.8%). In 2017, levels of bleaching were similar in the East and West sectors, while in
2018 bleached coral percentage was notably higher in the East than in the West, albeit
statistically insignificant. M. capitata was the most common bleached coral species found
in Pila‘a.
At Hā‘ena, mean coral cover ranged from 4.9% to 6.2% between 2016–2019, with P.
lobata, M. patula, and P. meandrina comprising the most dominant corals. At deep stations,
mean bleached coral increased from 5.5% in 2017 to 12.9% in 2018 (Wilcox, p = 0.043, see
Figure S3b). Mean bleached coral also increased at Hā‘ena shallow stations from 2.8% in
2017 to 4.5% in 2018, although the change was not statistically significant (Wilcox, p =
0.144). Bleaching at deep stations trended towards being greater than bleaching at shallow
stations during 2017 (Wilcox, p = 0.093), with bleaching also being higher at deep stations
in 2018 (Wilcox, p = 0.010). M. capitata and M. patula were the most common bleached coral
species found at Hā‘ena.
The unintuitive higher bleaching at deep stations prompted an examination of the
genus Montipora, which generally has particularly high cover [83] and one of the lowest
thermal tolerances in Hawai‘i [20]. Montipora capitata, M. patula, and M. flabellata were collectively examined for bleaching differences between deep and shallow stations in 2018,
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the year of the flood. Total coral cover of these species was not significantly different between shallow (58.2%) and deep stations (53.4%), although the percent of bleaching was
highest among the Montiporids in deeper waters.
4. Discussion
The outcomes of our study unequivocally show that the April 2018 historic flood
event on the north shore of Kaua‘i had a deleterious effect on the Pila‘a and Hā‘ena reef
communities and their individual populations. Community models combining fish, urchin, and coral bleaching factors showed significant shifts in community structure before
and after the storm event at both Pila‘a and Hā‘ena (Figure 6). In tandem with community
changes, our univariate models showed significant declines in shallow and overall fish
populations at Hā‘ena, suggesting flooding inputs were concentrated at shallow sites.
There was also evidence showing coral bleaching increased following the flood event, despite temperatures consistently being recorded within the range of coral tolerance. Indeed,
species-specific bleaching following this flood event were consistent with statewide patterns from temperature-related bleaching [24,84], with corals in the genus Montipora and
Pocillopora exhibiting the lowest tolerance to salinity. We also observed a major population
increase in the octocoral Sarcothelia edmondsoni after the storm event, followed by subsequent declines in 2019, suggesting that S. edmondsoni is relatively resilient to low salinities
and may act a bioindicator of freshwater input. Lastly, we recorded marked declines in
the abundance of the dominant urchin species, E. mathaei, in the inundation-prone shallow
waters of both sites.
Proportional shifts between larger grain size and silt/clay fractions can be indicative
of heavy sedimentation, which is common after major flooding events [85,86]. These
trends are consistent with observations at Pila’a East, where large grain sediment decreased and silt/clay increased from 2016 to 2018 (Table 1). Additionally, the lower levels
of small grain sizes, organics, and silt/clay deposits on Pila‘a West, where stream input is
more restricted, providing supporting evidence for the expectation of greater sedimentation impacts to Pila’a East. At Hā‘ena, the increase in silt/clay levels during 2018 also suggests flooding-associated sedimentation at shallow stations. Sediment data were not collected at deep stations, however, and the decrease in fine-grained and terrigenous sediment are not consistent with expected outcomes. This is likely due to the relatively high
circulation and mixing in Hā‘ena waters [87] relative to the Pila‘a system, which may have
resuspended and advected sediments between the flood event and sampling. According
to the wave observation buoy data at Hanalei, there was a high wave event with the maximum height of 4.9 m and swell periods of 12–13 s on April 29–30 from the north direction.
Hā‘ena is located approximately 6.5 km west of Hanalei, and greater water motion and
mixing on Hā‘ena reefs is expected as they face directly north. Additionally, the range of
shallow transect distances from shore is much greater at Hā‘ena (Figure 3), which may
have led to freshwater dissipation and dilution before interaction with farther offshore
transects.
The results of our rainfall and sediment data should allow for reasonable confidence
in the statistical and inferential association between certain population shifts and the major flooding event. Sediment can play an important role in determining the condition or
state of the reefs as, when silt and clay overwhelm reef systems, sedimentation becomes
the dominant forcing function on community structure [83]. However, this study did not
separate the effects of freshwater from the effects of sediment input. Declines in benthic
populations and fishes may have been attributed to lower salinities and increased sedimentation individually or synergistically.
4.1. Fish Populations
The April 2018 freshwater event likely contributed to the notable declines in overall
and shallow fish abundance and biomass in 2018. Supporting evidence of this interpretation comes from the observed depth-specific changes, as fish populations post-flooding
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decreased at shallow stations closer to freshwater input. There were, however, no differences found at deep stations further removed from the coastline. Pairwise findings from
PERMANOVA affirm these univariate findings, as fish count and diversity contributed to
the dissimilarity between shallow water communities before and after the flood, which
was not the case for deep waters. Overall, fish populations increased in the year prior to
the flood (2017), most likely due to implementation of fishing regulations, then declined
in the year of the flood (2018), ultimately rebounding in 2019 (Figure 7a) [50,57,63,64].
In the 1980s, a large storm event on Kona, Hawai‘i, resulted in declines of many reef
fish taxa in shallow areas, but not deeper zones, consistent with our findings here [43]. At
Hā‘ena, decreases in fish populations occurred across each trophic level, suggesting that
resultant changes to the reef were pervasive. Although the exact cause of the observed
deteriorations in fish populations is ambiguous, our data do show clear evidence of nontransient declines in fish abundance after a flood event. These declines, however, were
followed by partial rebounds of overall fish populations in 2019 (Figure 7). As was also
seen in population increases from 2016 to 2017, this growth is likely attributed to the effectiveness of the fishing reserve [57].
4.2. Sea Urchin Populations
Significant declines in urchin abundance were observed at the shallow transects of
both sites with no concurrent decreases in deep water populations, where a lower likelihood of freshwater contact occurs. E. mathaei, the dominant urchin species at Hā‘ena and
Pila‘a, appeared to be the most heavily impacted by freshwater. At Hā‘ena, E. mathaei declined at shallow stations from 2017 (7.7 urchins/transect) to 2018 (1.1 urchins/transect);
however, at deep stations there was no change in urchin abundance, providing strong
evidence of freshwater impacts (Figure 8b). These findings were consistent with pairwise
PERMANOVA results, which found that sea urchin count contributed to the dissimilarity
in community structure at shallow sites before and after the flood.
Similar to shallow Hā‘ena areas, the relatively exposed East Pila‘a reef flat showed
declines in sea urchin abundance while the West, which is less susceptible to freshwater
influence, did not (Figure 8a). These findings further support the classification of freshwater or sediment inputs as drivers of declines in urchin populations and imply the potential of E. mathaei as a proxy or indicator of freshwater impacts. Adult and larval echinoderms have been well documented to be stenohaline, able to tolerate only a narrow
range of salinities [88]. This is due to their permeable body wall [89] and lack of separated
osmoregulatory and excretory organs [90]. Other possible explanations for the pronounced decline in urchin populations include elevated sedimentation and pollutive nutrient levels associated with the flood runoff. Sediment with <63 µm grain size has been
shown to reduce larval settlement, recruitment, and survivorship of juvenile sea urchins
[91]. Finer grain size fractions, which have high surface area relative to their volume, are
more susceptible to bonding with organic compounds and/or pollutants than larger grain
sizes; for example, the concentration of organic carbon in the silt/clay fraction of fluvial
bed sediment from Mānoa Stream, O‘ahu, was 4.6 times higher than in its coarse sand
fractions [92]. Sea urchin gametes are commonly used in toxicity bioassays due to their
sensitivity to environmental pollutants [93], where fertilization success has been shown to
decline with increases in sediment toxicity [94].
4.3. Coral
4.3.1. Octocoral Sarcothelia edmondsoni
Supporting evidence of the major flooding event’s impact is shown by the dramatic,
significant shift in the abundance of the octocoral, Sarcothelia edmondsoni (Figures 9 and
10), before and after the flood at Pila‘a. In 2018, S. edmondsoni area of cover and frequency
of occurrence on transects was highly evident at Pila‘a East, the area more heavily impacted by freshwater, while the octocoral was nearly absent prior to the flood in the East
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and throughout all years surveyed in the West. Additional mapping surveys also showed
a subsequent drop in cover the year following the flood; however, in contrast to the transect surveys that detected no S. edmondsoni (0%) in 2019, the octocoral still showed a notable presence at Pila‘a East.
The results of this study lend preliminary support to the novel classification of the
soft coral S. edmondsoni as a potential bioindicator of freshwater input. Several studies
have elucidated the prospect of octocorals to act as bioindicators of various natural and
anthropogenic reef inputs [60,61], but presently there exists little nonanecdotal evidence
to support these findings regarding S. edmondsoni and freshwater in the Hawaiian Islands.
4.3.2. Coral Bleaching
Despite temperatures consistently staying below coral bleaching thresholds prior to
and during the year of the flood, coral bleaching was higher following the flood than in
previous years at both sites. A change in environmental conditions outside coral thresholds can cause bleaching (i.e., temperature, nutrients, salinity, sedimentation, exposure)
[24]. Jokiel and Coles [24] determined the bleaching threshold for Hawaiian corals at 29–
30 °C, which is 1–2 °C greater than the observed upper summer maximums at Pila‘a. Despite this, there was an increase in coral bleaching at the flood-impacted Pila‘a East during
2018. Temperature stress was eliminated as the cause of bleaching at Pila‘a, as loggers did
not record temperatures outside coral thermal tolerances for any extended period, and no
widespread bleaching was observed during 2018 throughout the rest of the Hawaiian Islands. The observed bleaching at Pila‘a was likely attributed to the unprecedented flooding that exposed corals to extensive freshwater. The eastern reef saw immediate evidence
of bleaching, while the western reef, with lower freshwater influence, was less impacted.
Sedimentation may also have contributed to higher bleaching after flooding as silt/clay
sized sediment has longer settling time and resuspension in water column, affecting turbidity and altering quantity and quality of irradiance [95–97]. Additionally, the removal
of deposited fine and silt/clay size sediment by corals is less efficient than the removal of
larger, coarse grain size sediment, suggesting high energetic cost for expulsion [85]. The
adverse impacts of turbidity and direct sediment deposition on adults, reproduction, and
early life history of symbiotic corals have been well documented and reviewed extensively
(e.g., [98,99]). Alternatively, factors associated with storm inputs that can instead ameliorate bleaching include suspended sediments and plankton growth, which can lessen irradiance levels to corals and thus reduce temperature from increased circulation and mixing. These factors may have mediated the levels of bleaching found in this study.
Although coral bleaching was higher at both shallow and deep stations at Hā‘ena in
the year of the flood event (2018) as compared to the previous year (2017), a statistical
difference between years was only found at the deeper stations. The combination of a lack
of temperature data and higher bleaching at deeper sites excludes an empirical correlation
between coral bleaching and the flood event at Hā‘ena. Bleaching in the Hawaiian Islands
has consistently been reported to be significantly higher in shallow waters, although
bleaching has also been reported at deep sites [100]. Historically, it has been assumed that
coral bleaching is mitigated in deeper waters, relating to the cooler temperatures, and may
serve as a reserve for shallow coral restoration [101]. More recent research, however, has
shown extensive bleaching at deeper reefs [102], even into the mesophotic zone at up to
60 m depth [103,104]. Explanations clarifying this counterintuitive inconsistency include
tidal mixing with shallow heated waters [105], anomalous deep-water currents [102], host
nutrient starvation [103], and the possible predominance of more stress-tolerant corals at
shallow sites [29,106]. Corals live within 1–2 °C of their upper thermal limits [24]; adaptation to cooler temperatures, geographically and at depth, reduces the thermal threshold
of corals, predisposing them to bleaching and allowing for higher susceptibility to fluctuating temperatures than corals in shallow or warm water regions [12,107].
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4.4. Management Implications
As storm frequency and intensity increase locally and globally [4,5] and nearshore
land use shifts towards more nonpermeable surfaces [30,108], there will be indefinite increases in freshwater, sediment, and nutrient inputs into reef systems. Data on the severity
and intensity of impacts to reefs from freshwater events can assist local management in
strategic design and solution development for conservation, restoration, and oftentimes
any accompanying legislative measures. Freshwater bioindicator taxa, such as sea urchins
and octocorals, can serve as reliable early warning tools or proxies for a reef’s exposure to
freshwater. Bioindicators also represent a cost-effective alternative technique to the slower
and relatively expensive process of continuous water quality sampling and benthic monitoring.
The majority of Hawai‘i federal and state agencies have policies concerning sedimentation and flooding, basing these policies on scientific research. Effects of sediment to
shorelines and coral reef communities is a key priority for many principal management
agencies working in Hawai‘i that base management decisions and legislative action on
internal and external research regarding sedimentation, erosion, and flooding [109].
As shown in this study, other climate change-induced environmental impacts alongside temperature are major threats to reefs and the other biota they facilitate. Along with
temperature increases, freshwater, sediment, and nutrient pulses can also be destructive
to coral reef communities and several keystone taxa. Although many coral populations
can partially recover from large flood events [19], the frequency and intensity of major
weather events are increasing [6,7]. Based on data from the year following the flood and
a history of recovery from other environmental stressors, we predict these populations
may moderately recover [55,57]. Nonetheless, these precarious local trends, which are
only amplified by climate change, further emphasize the urgency to discern how flooding
holistically affects reef ecosystems and their important benthic populations.
Supplementary Materials: The following are available online at www.mdpi.com/14242818/13/2/66/s1, Figure S1: Two color morphologies (brown and blue/purple) of S. edmondsoni at
Pila‘a, Kaua‘i, Figure S2: Biological transect locations at Pila‘a from 2016-2019, Figure S3: Biological
transect locations at Hā‘ena from 2016-2019, Figure S4: Mean bleached coral cover at Pila‘a and
Hā‘ena from 2017 and 2018, Table S1: Depth characteristics of biological transects at Hā‘ena by year
and depth.
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