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Key Findings

Human usage

T

Visitor use of the Tidepool and Cove was highest between X0&pm, with peak usage
from 12pm¢ 3pm. The Cove was more popular in the morning hours with the Tidepool
seeinghighervisitation in the afternoons.

Visitor counts in the Tidepool and Cove combined were relatively consistent throughout
the week with peaks on Thursday and Saturday.

By comparing the average monthly visitor counts we see a shift from Tidepool to Cove in
the summer monthsvith Tidepool visitor numbers peaking in March and A@nerall
(Tidepool and Cove combined) visitation increases in January through March and
remains relatively consistent from March to September.

The highest human densities were observed near the main entrance to the Tidepool,
followed by the deeper area in the center of the Tidepddle main access to the Cove
was another area of high humalensity.

Marine life and human effects

T

= =

The presence of humangthin a 10 m radiusiad a significant negative effect on fish
abundance andish speciesichness

The greatest declinem fish abundance and species richnesse for one human within

10 m for abundance and two humans within 10 m for richness. When there were four or
more humans within 10 m, both fish abundance and species richness were minimal.

Fsh abundance and species richness were higher in the Cove compared to the Tidepool.
Mobile invertebrate abundance (primarily rotloring urchins) showed a negative effect

of humans standing within 10 m, thougje total number of humans within 10 m had

no effect on either mobile invertebrate abundance or species richness.

Turf algae washe predominant living benthic cover on all transects, followed by

crustose coralline algae (CCA). CCA was more common in the Cove compared to the
Tidepool.Coral was found in small proportions on most transects.

Coral impact surveys revealddmage in 66% of surveyed colonieeman densityhad

a significant effect oprobability of coral damagehich increasedrom 50% in areas

with low human density to 80% in areas of high human density.

25% of all visitor substrate contacts recorded were on algae (turf, CCA, macroalgae) and
5% were on corals.

SCUBA divers had the highest average number of substrate contacts and coral contacts
(3.4) per dive, followed by snorkelers. However, snorkelers had a much lower incidence
of coral contact (0.5).

Management implications
1

Based on the human density threshold for fatundance biological carrying capacity
estimates range from 1§41 for the Tidepool and & 35 for the Cove
eascape 4
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Introduction

Marine protected areas (MPAS) provide a range of benefits to humaalsiding providing
recreational and tourism opportunities. However, like other human activities, tourism can have
environmental impacts. Damage to corals and other species from divers and snorkelers are
among a range of tourism impacts documented in MM ridwide. Mitigating these impacts is

a key aspect of MPA management and the key is assessing the number of tourists and other
visitors an MPA can supparth i Q& O NNEhistefra originated: ir@dology end

represents the number of organisms an area can support over a specific time period. For
tourism management, it has a similar meaning; the number of people an area can support
without unacceptable impacts to the environment. Under too much pues from visitors, the
ecosystem and/or physical attributes of a site can degrade making it less attractive to tourists.

The World Tourism Organization and the UN Environmental program provide a basic equation
for calculating visitor carrying capacity based ongpace a tourist requires for an acceptable
experience in the protected ared@his approach is humasentric and very subjective as it is
based on human perceptions which are highly variable. Another approach focuses on the
degradation of the natural environment and organisms as a function of visitaftusis the

basis for a number of studies on carrying capaaitsecreational scuba divers which compare
coral damagen different sites with knowrevels of divindHawkins and Roberts 1993, Hawkins
et al. 1999)While terminology varies in the literature, this approach using biological indicators

(also known as environmental carrying capacityd NB FSNNBR (G2 & WoAz2f
GKA&a NBLR2NI Fa RAAGAYOG FTNRY Waz2O0AlfQ OF NNEA

Researchers have used a variety of indicators to determine biological carrying capacity in MPASs.

Numerous gudies focused on the impacts of recreational SCUBA diving typicalbotede
damage anaoverwith skeletal breakage as the most frequently documented impfatiowed
by loss of live coral cover and shifts in benthic assemblage compo&tigio et al. 2020)
Studies on the effects of reef walkers have used the same or similar indi¢Rmalgers and Cox
2003, Leujak and Ormond 2008, Williamson et al. 20thpugh(Neil 1990)measured sediment
deposition In contrast, apart from fish feedindgew studies have examinelirect visitation
impacts on coral reef fishe$hosethat did used common fish assemblage measures such as
abundance and species richneasth some findindittle to no impact(Hawkins et al. 1999,
Claudet et al. 201(nd others showing shifts mbundance andssemblage structuréDearden
et al. 2010, Albuquerque et al. 2014, Filous et al. 2(High flight behavior, typically measured
in the context of fishing pressure, is an emerging indicator that has been proposed to measure
visitor impacts in MPAGSamia et al. 2019, Stamoulis et al. 20F¥ally, the negative impacts
of sunscreen owroralreef organisms araow startingto be explored(McCoshum et al. 2016,
Wood 2018, Corinaldesi et al. 2018)

The state of | ¢ lis/a gldbal tourist destination with most visitors traveling to the island of
Oahu. In 2019, 4.5 million tourists visiteda@u andan estimated30% of them participated in
ocean recreation activitief®©BEDT 2013). The Hanauma Bay Nature Preserve goutie
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shoreof Oahu is the most popular tourist visitor snorkeling destination in the Hawaiian Islands
A study of biological carrying capacity of Hanauma Bay was conducted fror2@R16ver the
extended closure due to the COVID pandemidSeverino et al. 2021 his study found coral
breakage and sediment accumulation increased with increasing visitor presence while water
clarity decreased. During the closure, mean fish density increased while green turtle and monk
seal abundance was not affected (Severinolep@21).

After Hanauma Bay, the next most popular tourist visitor snorkeling destinatibets n LJn { S |
Marine Life Conservation District (ML@ID)the north shoreof Tahu.t f LI" FILED includes
three sites with different habitat characteristics, accessibility, and use levels: Waimea Bay,
Three Tables, and Sharks Cdveedham et al(2008)investigated social carrying capaciyd
visitor perceptionsatt N LI NILED using visitor surveys amdile overall satisfaction was

high, they documented perceived crowding at the Sharks Cove site. Sharks Caditianally
known as Kapo and includes a shallow{®m) tidepool area and deeper-8Lm) coveln one

of the few studies to examine marine recreational impacts in Haviéyer and Holland
(2008)measured substrate impacts of divers (SCUBA and snorkelers) at four Hawaiian MPAs,
includingt n LJh MILED, and found a low level of substrate impact primarily from shased
users.

anft I YI tWainddal(MPW,) a marine stewardship Rprofit, was established by
community members in 2005 orovide outreach and education and care for the marine life of
the MLCD. Since 2012, MPW has commissioned and collaborated on a number of scientific and
citizen science surveys to better understand the status and threats to th&anearine life and
recently drafted the first management plan for the aré@ormed by this experience and data
and in response to increasing visitation and a contindedine in marine life abundance and
health, MPW commissioned this study to investigate biological carrying capacity in th® Kapo
area of thet n LJN NILED. In parallel with the current study, MPW was successful in passing
legislation (Hawaii state Act 31) to fund a pilot program to assess biological carrying capacity
The pilot program is currently underway and builds on the approach and findings of this
research.

This study was led by Seascape Solutions LLC in partnership with thielR@2Rlarine Science
Coordinator(Jones 2022)ith the aimto implement human use and biological data collection
with high enoughspatial and temporal resolutioto explore causativeelationships in higluse
FNBFa 2F (KS tKapbéhTidépbohral ColesThe gdakisSto use these study

results to help determine ranges and/or thresholds of acceptable impacts which can be linked
to visitor numbers for management. Specifically, this study addressed the following questions:

1. How do visitor numbers correspond to mariliie abundanceand health?
a. What arethe patterns of visitor use in time and sp&ce
b. How are fishes affected by visitor presefice
c. How are corals affected by visitor presefice
2. What is the threshold number of visitors beyond which marine life are highly impacted,
the biological carrying capacity?

eascape
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Methods

This study draws upon data collected between Jan@@82and September 2022. Study and

survey design, training, data management, analysis, and reporting were conducted by Seascape
Solutions. Data collection was carried out by the 2022 MPW Marine Science Coordinator Ellie
Jones, Keelan Barcina (2021 MPW Marinerge Coordinator) assisted with humase

counts, a team of marine science students tracked visitors, and UAV/drone surveys of human
use patterns were conducted by Shoreline Conservation Initiative

Two general types of biological indicators were investigated in terms of impacts from human
dzaS 4 tnaLin(1SlIK a[/5X Y20AtS FTAaAaKSA YR AYy@SNI
and algae). Because they are mobile, impacts from human use on fishesodnild
invertebratesaretemporal or behavioral in nature. Fishes are likely to vacate an area when too
many humans are present or change their behavior in other ways. For this reason, temporal
patterns of fish abundance were compared with human use &ieed surveys, across a range

of human densities. In contrast, corals and algae aremobile and impacts from human use

are spatial in the sense that they are based on lbegn exposure so that high human use

areas will tend to have more impacts. Spatial patterns of impacts on benthic organes
therefore, compared with maps of human use to determine potential causative relationships
while also accounting for natural driving factors. Turbidity (water clangdalso measured as

a variable influeniog fish counts. Alsat, has previously been shown to correlate with human
usage at Hanauma Bay and has potential implications for the health of marine organisms.

For both types of biological indicators, patterns of abundance, growth, and/or impacts were
compared across a gradient of human use while accounting for natural driving factors. In this
way, the studywasdesigned to explore the relationship between the healtmadrine
organismsand the number of people present in their habitats. By quantifying the relationships
between number of visitors and effects on the biological community, managers will be better
equipped to make decisions about what level of impacicceptable and design appropriate
strategies to limit human use.

A range of methods were employed to quantify and map humanamskits impacts on
abundance and diversity of marine organisi@serall human use was quantified widnd-
basedvisitor counts and spatial patterns and impacts were mapped usinganned aerial
GSKAOE S o! ! +3 2 NJ-waterNRitgr §acking. MdriNdlite &vas survgyRd uiing
transects for fish, mobile invertebrates, and sessile organi€orsl occurrence and impacts
were surveyed separately using a roving survey metlsee detds on each of these methods
below.

eascape
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Human uage
Visitor counts

Visitor monitoring has been carried out by MREY manyyears. These surveys represent peint
in-time (snapshad) of visitor numbers in different zones categorizeddloyivity type

Environmental conditions are also documented, including moon phase, tide, weather, wind and
surf. The Kap@ Tidepool and Cove are among the zones monit@red visitor numbers were
categorized by swimmers in water (no mask), snorkelers in water (mask), SCUBA divers,
watercraft, as well as visitors on land in different areas. Because this study focusegamts

of humans on marine organisms, onlywater human use counts were consider&ar this

study, visitor monitoring was conducted by Ellie Jones lseelan Barcina.

Data analysis

Human use count data was summarized by hour, day of the week, and month. Hourly averages
revealed higher wmgein the late morning andafternoon hourg10 am¢ 5 pm) and the data

was filtered for these higlise hours for subsequent comparisons when averabgydgays and
months.

Visitor mappindoy drone

A total of sixunmanned aerial vehicldJAV) surveys were conducted by Shoreline Conservation
Initiative to map human use patterns. Each UAV flight was conducted duringisegtimes

from 10am5pm and alternated between high and low tide conditions to account for variation
in human use based on watdepth.

A small UAV, DJI Mavic Pro, was used to conduetltiude flights over the study area

YIFHLR2W2 ¢ARSLR2f YR [/ 20S® ¢KS !+ gl a Sldza LILIS
2T GUKS addzRé I NBIFY MkH®DPoé¢ [ ah{ isibkyightimbbesyA G K |
was captured with a 70% overlap between images allowing the collection of photographic data

for the entire study area at high resolution.

The mobile phone software, Pix4Dcapture, was used to design flight plans based on grid
patterns that ensured consistent coverage of the survey area and allowed for autonomous
flight operation. The software was utilized to design missions consisting gajtetn flight

paths along parallel lines above the tide pool, considering camera specifications (e.g., Field of
View) and optimizing flight characteristics (e.g., altitude, speed, and camera orientation) to
ensure sufficient overlap of images as neededteate a complete composite visual mosaic.

Each survey was flown at an elevation betweerl20 meters which was determined by

factors of UAV camera resolution, maximum flight elevation rules, battery life, and ground
coverage. Flight lines were designed to create a 70% overlap, resulting inComeages per

flight to cover the entire tidepool and cove area. Flight missions were designed such that the
UAV would autonomously navigate into position and then stop momentarily to capture each

eascape
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image to reduce speed blur and camera angle offset. Flights avoided the noon hour to reduce
the amount of sunlight reflection in images.

In general, all flights were overseen by an His&nsed UAV pilot with additional researchers
assisting with flight operations. This allowed for one person to fly the UAV, and a second person
to initiate the flight software as well as maintain a continuous line of sight to the UAV during

the flight. Atotal of ten survey flights were conducted to achieve six composite images of
sufficient quality for human use mapping. Aerial drone surveys representing the final surveys
were conducted on the dates and timahown inTablel, targeting different tide conditions to
account for potential variation in human use patterns due to water depth. For the surveys on
8/24 and 8/31, two surveys were flown to mitigate potential glare issues near the noon hour.

Tablel. Flight times

Date Time start  Time stop Tide level
7127/2022 3:41 PM 3:50 PM 1.7 ft
8/16/2022 3:47 PM 4:02 PM 1.1t
8/24/2022 1:43 PM 1:54 PM 1.7t
8/24/2022 2:01 PM 2:14 PM 1.71t
8/31/2022  10:30 AM 10:46 AM 0.61t
8/31/2022  11:03 AM 11:18 AM 0.6ft
9/7/2022 2:00 PM 2:14 PM 1.7 ft
9/12/2022  10:55 AM 11:10 AM 0.5ft

Image data analysis

The software Agisoft Metashape was utilized to generate compositegfeoenced image
mosaics in geotiff format of the entire study area for each survey. These image mosaics were
then imported into ArcMap software (ESRI) to map and quantifyater visior presence. A
point shapefile was created corresponding to each survey image which was systematically
searched using a grid overlay and points were placed at easiatier human location zooming
in to at least 1/200 scale. Humans were categorized as swigiftoating or standing. Each
survey image/shapefile pair were checked by two independent observers. A kernel density
surface was then created for each shapefile in ArcMsipg a hectare area unit with a 30m
search radius and output cell size of Z ihe six kernel density rasters were then averaged to
derive the final human density surface used for analysis.

Visitor tracking

Visitor tracking methods followeMeyer and Holland 2008yhere doservers equipped with
snorkeling gegra data slateand a GPS unit followed individuals for fiaé durationof their in-

water activityfrom point of entry to point of exit from the intertidal zon@bservers aimed to

blend in with the crowd and remain undetected by their subgeéictivities surveyed include
snorkeling (mask), swimming (no mask), wading, and SCUBA diving. In addition to tracking each
visitor with the GPS, observers also collected waypaottocumentall substrate contact.

eascape 9
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Substrate contacts were categorized by substrate typewanidh body part made contacEor
waders, only contact with live substrates was recordégitor tracking surveys were carried

out by a team of University of Hawalii marine science studedasoline Smith, Tom

Matsuyama, Sydney Cook, Eliza Beckwith, Allison Sommer, Nicole Makar, Giulia Marenco di
Moriondo, and Jia Cashon. In addition, Giulia Marenco di Moriondo provided logistic and field
support.

At the end of each survey day, the data from each GPS unit was downloaded and backed up
and observers entered their survey data into an online datab&ke.GPS track data was
separated into unique surveys using survey start and end times and the GPS substrate contact
waypoint data was joined with the associated data in the datab@ke.tracking data was
summarized byneanduration and distance for each activity typehe substrate contact data

was summarized bthe meannumber of contacts by substrate tgpfor each activity type.

Marine life

Fislresand mobile invertebrates

9AIKE WLISNXIYSYiQ o6mMnEnYo GNIyasSoOid t20FGA2ya
respectively, for a total of sixteen transe¢tg. 1) Locations were generally be based on those
surveyed in 2021 with the modification that all transects occurred over-battbm substrate
(>50%) and incorporated key locations identified by the community. Chosen locations were
between 02 ¢ 2.0m in depthto representshallowareas where visitors gre more likely to
contactthe substrateand adequately spaced frm other transects to provide independent
samples (> 20 m spacing between start points to ensure no ovefleg)sect start point GPS
coordinates and compass bearings were documented to ensure replica@tiansects in both

zones were surveyed weekly from June to September 292Rllie Jones (the observemo

ensure variability in human use (which is lower in the morning hours), the order in which zones
were surveyed was alternated weekluman use surveys following the established MPW
protocolwere conductedimmediately priorto and following iawater surveys in each zone
(Tidepool & Cove). Each transeassurveyed consecutively and in the same order.
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® Transect start points &
Transects

ais2) : > W. e : ;l": o)

Figure 1 Transect locations for fish, mobile invert, and benthic surveys.

To conduct the surveys, thgngleobserver equipped withsnorkeling geara data slate andan
underwater cameranavigated to the transect start location with GPS. Before initiating the
survey, human activities (number and type) within a 10m radius from the transect center were
recorded and photographed, making a distinction between those standing and swimming.
Depth was measured witlthe transect lineand recorded, then the transect line wascurely
attachedto the substrate. After noting the statime, the observe slowly advancd along the

10 x 4m transect in the established direction (usir@pmpass if necessary), reeling out line
along the way, and identé#d and couned all fishes visible within 2 m to either side of the
centerline Time spent oreach transect was ~Bin and @rewastaken to make sure transect
line wasstraight and taut Fish species unable to be identified in the field weretpgraphed

for later identification. In additionthe number, activity, and duration of any humans occurring
within the transect area during the 5 min survey peneere recorded.

Upon completion of the fish countiie observemplaced the transect reel on the substrate and
then reversed directiorand counted all mobile invertebrates (sea urchirsga cucumbers,
crabs, etc.) occurring within 2 m to either side of the centeréiteng the transect during a 5
min period. When the mobile invertebrate count was completedneasurement of horizontal
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water visibility/clarity was conducted usingSacchi disk. Then the obsenmveseled in he
transect line and proceed to the next transect locatiéii.survey data was input into a
purposebuilt Microsoft Access database.

Data analyss

Fish and mobile invertebrate dat@ere summarized in terms ahean abundance and richness

per transect. Species with high abundance were listed along with mean abundance values to aid
in the interpretation of subsequent analyses. Linear mixed models (LMMs) were used to
compare the paired human counts with the following response variables: Overall fish
abundance and species richness, fish herbivore (primary consumer abundance), fish secondary
consumer (exclusive of piscivores) abundance, overall mobiletelwate abundance and

richness, and abundance of rebkring urchins of the family Echinometrida&l response

variables were transformed to meet assumptions of normality and all explanatory variables
were scaled and centered prior to analysis. Fixed factors included Zone (Tidepool or Cove),
water depth, water clarity (horizont&ecchi disk measurements), humans swimming within 10

m of the transect center, humans standing within 10 m of the transect center, humans
swimming on transect, and humans standomgtransect. Transect number was included as a
random factor to account for inherent differences in location/ natural cont&®pearman
correlation analysis was conducted for all explanatory factors and the highest correlations were
betweenthe number ofswimmers at 10m and on transeet50.38) and standers at 10m and on
transect ¢ =0.35), suggesting some redundancy between these metrics. Depth was positively
correlated to swimmers and water clarityater clarity was negatively correlated with human
metrics. Following the first round of models, humans swimming and standing within 10 m were
summed to create a single human varialifansect counts were dropped as a factand a

second round of LMMs were run for the same response variables.

Todetermine potential thresholds in human density for fish abundance and richness, boosted
regression tree models (BRTs) wétaising total humans within 10 m of the transect center,
water depth,water clarity, and transeatumber. Model fitting and selectionvere

accomplished following the procedures detailed in Elith, Leathwick & Hastie (Zi6i8).
abundance and richness were modeled watiaussian distribution and a fourth root
transformation was applied to improve normalifyue to the low number of predictor

variables, model simplification was not necessdgdel fit was evaluated using cress

validated percent deviance explaing@artial dependence plot®r human densityshowingits
relationshipwith the response variableshen other variables are at their meanere usedto
identify values resulting in the largest drops in fish abundaarmmtbiomass.

Coral and algae

Transecsurveys

Benthic surveys took place on the same transects as the fish and mobile invertebrate surveys
(Fig. 1). Three replicates 16 transects (8 in each zonggre completed between Jubnd
September 2022 by Ellie Jones (the obsergarynorkel Benthic cover was quantified using a
quadratbased point intercept method where substrate types under each of 16 intersections of

eascape
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a 0.5m x 0.5m quadrat were recorded fachof the ten quadrats, resulting in a total of 160
points per transect.

To conduct the surveys, the observer equipped with quadrat, data slate, and underwater
camera, navigated to each transect start location using GPS and filled out metadata including
transect number, date, time, etc. A photo was then taken of the datashebetp organize
subsequent photos. Depth was measured with the transect line before fastening to the
substrate. Then the entire 10m transect line was reeled out and made fast on the reef.

The observer thenneceeded with the benthic cover surveys bgentifying substrate types on
each of 16 intersections on a 0.500.5mquadrat, for a total of 10 quadrats per transect on
alternating sides of each 10m transect lifide first quadratwas placedalong the right of the
transect line so that the bottom edge of the quadrat akgwith the transect star The

guadrat was then potograpted before dentifying anysubstrate occurring directly below each
of the 16 intersections to the lowest possible taxa andimgon the datasheetFor transects

T6 & T7 (Fig 1) allguadratswere placed on the westide ofthe transects to focus on liveover
areas Benthic survey data was input into a purpelailt MicrosoftAccess databasQuadrat
photos were not analyzed but catalogued as a permameotrd.

Data analysis

Benthic cover data was averaged across the three surveys to generate mean values for each
transect and relative proportions of living cover types were mapped to show spatial variation.
In addition, coral species were summarized in terms of nmaAwent cover. Multivariate linear
regression was used to compare the Udafived human density values at each transect
location with percent cover of corals, macroalgae, and (ooral) sessile invertebrates. All
response variables were transformed to meet assumptions of normality and all explanatory
variables were scaled anémtered prior to analysi€Explanatory variablescluded Zone,

depth, and number of humans per hectare.

Roving caal survey

The objective of the roving count was taethodically surveyhe study areausing a regular
search pattern to locate coral colonies and identify visitor impacts to cbhéd. survey was
conducted by Ellie Jones (the observer) over two days iRSeftember 2022. To conduct the
survey, the observer equipped with a GPS unit in tracking mode, data slate, and underwater
camera, began at one end of the study area and swam atitally back and forthiming to
cover the entire Tidepool and Cove area up to ~2mbepth. Wherever a coral colony > 10cm
(living or dead) was observed, it was identified to species and a GPS waypoint and photo were
collected. Deptlof the coral atits highest pointand coral diameter along the longest axis in
5cm size bingvere measured and recordednyvisible damagevas documentedind classified
by type(break, scrape, scrutalgae covered) and diameter (in cm aldhg longest axis) othe
damaged areavasrecorded.
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Data analysis

Roving coral survey data was summarized in terms of coral species, size, and depth. Coral
damage was summarized in terms of type and staal status (alive, hadflive, dead) and
occurrence (presence/absence) of damage were mapped to visualize spatial patterns

overlaid on the UAV human density mdjhe relationship between human density and coral
damage was tested using binomial logistic regression including depth and coral size as factors.
As coral size was not a strong predictor, it wasludedfrom the final model. Coral species was
initially considered as a factor but was not included due tbalancedsampk sizes amost

corals recorded wer®. meandrina

)l Bt o ol it . YAy E A4
Figure 2 A) Typical human use in the Tidepool, B) substratstact with water shoes, and C) substrate
contact with finsPhoto credit: Ellie Jones.
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Carrying capacity

Toextrapolate thehumandensity threshold calculated for fishes (see Results) to the area of
each study zone and define tligologicalcarrying capacity for management, several area
measures were considerednging from larger to smaller

1. The total arealelineated in satellite imagery as the water line around the perimeter of
each zone with the seaward limit of the Cove considered as the narrowest point of the
Cove mouth (Fig. 1). This measimeludesall rocks protruding above thé I i S NI &
surfacewithin each zone.

2. The area at low tideas delineatedat 1:200 scal@ising drone imagery captured €.5
m) low tide. This measurexcluces theshoreline and rocks exposed at low tide

3. The areawith the majority (90%) of humarsased on the human density surface
derived from the drone surveyss a subset of the area at low tide described above.

4. The areaof high human densitipased on the human density surface derived from the
drone surveys and the identified human density threshold for fishes, as a subset of the
area at low tide.

The calculated human density threshold for fisfsmber of people per hectajavas
multiplied by each of the above aréhectare) estimates to calculate a range of carrying
capacity estimates for management consideration.
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Results

Human uage

Visitor counts

This analysis focused omwater human use which is most relevant to marine spedMis.

values represent poinin-time or snapshot counts, ie. the number of visitors at a single point in
time.
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Figure3. Average number of visitors (at a single point in time) in the Co
and Tidepool by hour.
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Figure4. Average number of visitors (at a single point in time) in the Cove and Tidegmarately &) and
combined B) by day of the weekData filtered forhighruse times 10arbpm.
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Survey effort was relatively consistent between 7a@pm, around 1615 surveys over the

study period, except for 12pm which had around 60 surveys J)-ifisitor use of the Tidepool
and Cove was highest between 10gripm, with peak usage from 12pm3pm. The Cove was
more popular in the morning hours with the Tidepool seeing more visitation in the afternoons

(Fig3).

To compare human usage by day of the week, only data for high use times {®)am)were
included in the analysid/isitor countsn the Tidepoolvere lowest on Sundays and increased
through the week, peaking on Thursd@yg 4A). Visitor counts in the Cove varied throughout
the weekandpeaked on Thursday (F#A). Visitor counts in the Tidepool and Cove combined
were relatively consistent throughout the week with peaks on Thursday and Saturdad8Fig
Note that counts for Thursday are an average of just three surveys.
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“>6 50 5 ‘ %
a 40 | '4>— 80
£ 30 o 60
30 ' 3
10 I | § 40
0 s i | I | | i L =2
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Figure5. Average number of visitors (at a single point in time) in the Cove and Tidepool separately (A
combined (B) by monttData filtered for higkuse times 10arbpm.

By comparing the average monthly visitor counts we see a shift from Tidepool to Cove in the
summer monthgFig 5A). Tidepool usage peaks in Marahd April.Overall(Tidepool andCove
combined) visitation increases in January through March and remains relatively consistent (80
120) from March to September (FEB).

Visitor mapping by drone

UAV surveys and human usepping showed humans distributed throughout both the

Tidepool and Covandidentified locations with higher human densitieBi¢g. 6, 7). The

percentage of floating vs standing individuals at the timéhefsurveysranged from 53% 62%

with a mean of 57% (Fi@). The highest human densities were observed near the main
entrance to the Tidepool, followed by the deeper area in the center of the Tidepaother

area ofhigh human densyt wasin front of the main entrance to the CovEig 7). Apart from

these key areas, visitors frequented the entire seaward portion of the Tidepool from the rocky
pools at the south end to the sandy area at the north end, and the shallow area just south of
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the Cove entrance. In the Covapst visitors stayed close to the southern margin directly
offshore from the main access.

2 Human locations

_ : 0 120
e Standing © Floating

T Veters

Figure 6. UAV imagery and human maps for each survey in 2022 A) July 27, B) August 16, C) Aug

D) August 31, E) September 7, and F) Septembek)1£), and E) represent higher tide/water levels
and B), D) and F) represent lower tide/water levels (Table 1).
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Figure?. Locations of mapped humans fraai UAV surveysombinedoverlaid onmeankernel
density surface

Visitor tracking

A total of 130 visitors were tracked engaging in snonkglwading, swimming, and SCUBA
activities resulting imearly86 hours of observation timand covering over 33 kifT able2).

The averagevater time spent for each activity varied between 28 minutes for wading and 49
minutes for SCUBAIikewisethe average distance covered ranged from 132 m for wading and
600 m for SCUBA (Tal@e A total of 1471 substrate contacts were observed of whi2&/%

were onalgae (turf, CCA, macroalgae) and 5% were on c@&8IIBA divers had the highest
average number of substi@ contacts and coral contacts per dive, followed by snorkelers
(Table3). However, snorkelers had a much lower incidence of coral contact. Swimmers and
waders had the highest average number of algae contacts per session and negligible contact
with corals (Tabl@&). Five out of the seven SCUBA divers contacted coral. Of these, one
contacted coral a total of 15 times, 8 times with a fin and 7 times by handpatiesn

indicates arinexperienced diver with poor buoyancy contr@ne of the remaining four ders
contacted coral 3 times by hand. The remaining three divers contacted coral a total of 6 times
by fin.
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Table2. Summary of visitor tracking effort and results
Total Total
Number of Total distance substrate Average Average
Activity visitors  observation  covered contacts duration distance
type tracked time (h) (km)* observed** (min) (m)*
Snorkel 85 58.8 24.1 1170 41.5 359
Wade 23 10.8 3.0 24 28.2 132
Swim 15 10.5 3.3 172 41.9 236
SCUBA 7 5.7 2.9 105 48.7 599
Total: 130 85.8 33.3 1,471

*based on 110 surveys
**only live substrate contacts recorded for waders

Table3. Summary ofiveragevisitor substrate contactper session

All substrate
Activity contacts per
type session Non-living Algae Coral
SCUBA 15.0 10.6 1.0 3.4
Snorkel 13.8 10.2 3.0 0.5
Swim 12.3 6.8 5.4 0.0
Wade* 1.04 0.0 5.0 0.04

*only live substrate contacts recorded

Spatial patterns of visitor usage werery similar to those shown by the UAV mapping and
highly correlated to the two main access points for the Tidepool and Cove, respe(finge8).

In the Tidepoaglvisitors frequented the sandy substrate and/or deeper areashat high use
areas were a welllefined subset of the overall area of the Tidepool. Substrate contacts were
common throughout this higluse area and generally decreased in density with distance from
the access point (Fi§). In contrast, visitors tended to roam throughout the entire area of the
(inner) Cove, thougthe highest track density was around the access point and the southwest
side. Likewise, substrate contacts in the Cove were priynaustered around the access point
(Fig 8). Interestingly, the visitor tracking data omits the fmuth end of the tidepool which was
represented in the UAV survey data. This is likely because observers primarily focused on the
main access point® maximize survey numbers.
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FlgureB Spatial summary of visitor tracking data from August 20September 12! 2022 showmg
visitor tracks and substrate contact points.

Usage tracks varied by activity type (BP)g Snorkel is the most popular-water activity and
individuals ranged throughout the Tidepool and Cove, though the general patterns matched
those described above (Fi@gA). The SCUBA divers surveyed followedrssistentpattern

setting out from the main entrance to the Cove and heading outraorth before returning

(Fig 9B). One individual followed a similar but slightly different pattern by following the South
wall of the Cove entrance before turnimgrth when clear of the Cove mouth. Swimmers

stayed in the deeper area in the center of the Tidepool and in the shallow areas of the Cove
(Fig 9C). Substrate contacts for all activities were focused in shallow water areas and near
access points. Only SCUBA divers made substrate contact in deeper water given their proximity
to the substrate, regardless of depth (F@).
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Figure 9. Spatial summary of visitor tracking data for A) snorkelers, B) SCUBA divers, C) Swimmig
D) WadersSubstrate contacts shown for Waders only represent live substrates.
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Marine life and human effects

Fishes

A total of 18 rounds (8 transects each) were completed in the Tidepool and 16 rounds (8
transects each) in the Cove between June and August F)&2 abundance ranged from five to
over a hundred fish pesurvey Fish richness ranged from four to twertyur species per
survey' K 2 f SHURIi& sdindvicengisvere the most abundant species found in the Tidepool
with three times higher numbers on average compared to the Cakewisemanini
(Acanthurus triostegysvere nearly two times more abundant in tifieédepoo) highlighting the
importance of this habitat (Tabl). Other schooling species such @ (Atherinomorus
insularun) anduouoa(Neomyxus leuciscuwere observed in similar numbers in both zones.
The most abundant species observed were primarily herbivores or secondary consumers
(invertivores, corallivorespee Jones (2022) for the full list of fish species recorded.

Table4: Top ten species by number in the Tidepool and the Cove.

Tidepool Cove
Mean Mean
Species abundance| Species abundance
Kuhlia sandvicensis 9.8 Neomyxus leuciscus 9.0
Atherinomorus insularum 8.9 Atherinomorus insularum 7.0
Acanthurus triostegus 8.0 Acanthurus nigrofuscus 6.9
Neomyxus leuciscus 7.4 Acanthurus leucopareius 6.6
Chromis vanderhbilti 6.6 Stethojulis balteata 5.2
Acanthurus nigrofuscus 4.4 Acanthurus triostegus 3.9
Thalassoma duperrey 4.3 Thalassoma duperrey 3.7
Stethojulis balteata 4.1 Stegastes fasciolatus 3.4
Stegastes fasciolatus 3.7 Kuhlia sandvicensis 3.3
Abudefdufabdominalis 3.2 Fistularia commersonii 3.1

Average fish abundance was variable across transettshighest abundance aite C1 in the
Cove (FiglLOA). Site T7n the Tidepool had the lowest abundance likely due to the lack of hard
bottom habitat (Fig. 10AAverage fish richness was higlatthe Covesites compared to
Tidepool sites (Bi 10B).In the Tidepool, the highest fish richness was found at site T5.
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Figure 10. Mean A) fish abundance and B) fish richness per transect.
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The followingresultsfocus onhuman effects on overall fish abundan@undance of

herbivorous fishes, and abundance of secondary consuaraigverallspecies richness

(number of species) at the transect level, with corresponding human use ctmrrgganding or
swimming humans within 10m of the transect center and standing or swimming humans on the
transect itself

A Fish abundance B Fish richness
Humans 10m swim [ Visibility - [
Visibility I Zone |
Humans transect stand [ Humans 10m swim [
Water depth [ Humans 10m stand [
Humans 10mstand [l Humans transect swim [
Humans transect swim [l Humans transect stand |
Zone B Water depth
0 10 20 30 40 50 0 5 10 15 20
C Fish abundance - herbivores D  Fish abundance - secondary consumers
Humans 10m swim Humans 10m swim
Visibility Visibility
Humans transect stand [ zone [
Zone [ Humans 10m stand [
Water depth [N Water depth [N
Humans transect swim [l Humans transect swim [l
Humans 10m stand [l Humans transect stand

o

10 20 30 40

o
w
=
o
[N
(6,

20

Figure 11 Variable comparison for LM&bf A) overall fish abundance, B) overall fish richness, C)
herbivore abundance, and D) secondary consumer abund&es@ble scores (F value) shown in blue
are significan{p<0.05)and scores shown in red are not significu#0.1)

For all measures of fish abundantes number of humans swimming/floating within 10m of
the transect was the most important predictdollowed by visibility or water clarity (FifylA,

C, D). For overall fish richnesssibility and zone were the most important factors, followed by
humans swimming and standing within 10m (Ri@B).
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A Fish abundance B Fish richness
Humans 10m _ Humans 10m
Visibility _ Visibility
Water depth - Zone
Zone . Water depth
0 20 40 60 80 0 10 20 30

Figure 12. Variable comparison for LMM models of A) overall fish abundance, and B) overall fish
richness with combined counts of humans within 10rariable scores (F value) shown in blue are
significant(p<0.05)and scores shown in red are not significgu#0.1)

When counts of humans (standing and swimming) within a 10m radius of the center of the
transect were combined, it became the strongest predictor of bmthrallfish abundance and
richness (Figl2A, B) as well ashe abundance of herbivores and secondary consumers,
respectively Visibility and Zone were also significant predistof both fish abundance and
richness, while water depth only affected fish abundance. (2§, B). Fish abundance (Fig

13A) and richness were both higher in the Cove compacethé Tidepool. Depth had a

negative effect on fismbundanceso more fishes were observed in shallow water.(E8B.
Visibility had a positive effect on fish abundance.(E8f) and richness, whicis likely an effect

of sampling. Finalhjhumans within a 10m radius of the transect had a strong negative effect on
both fish abundance (Fig3D and richnessThere was no interaction between Zone and
Humans for either model, meaning that human density had the same effect on abundance and
richness in bothhe Tidepool and Cove.
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Figure 13 Linear mixed model (LMM) effects for fish abundance and combined counts of humans wi
10m.A) Zone, B) depth, C) visibility/ water clarity, D) Humans within 10 m of the transect center
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Figure 14. Partial dependence plots of human influence from BRT models of A) fish abundance an
fish richnessRed lines denote thresholds in human density corresponding to steep declines in fish
abundance and richness, respectively.
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To explore potential thresholds of human densities on fish abundanceiemiess BRTmodels
were fit using the same variables as the linear mixed models presafteece The BRT models
explained 48% and 50% of the variability in fish abundance and richness, respektvia).
dependence plots ahe number of humans within 10 meveakd apparent thresholds of one
human per 314 ra(the area of a circle with a 10 m radidej fish abundancéFig. 14Aand

two humans per 314 #for fish richness (Fig4B. With four or more humans within 10 m,
both fish abundance and species richndssp to minimal levelgFig 14).

Mobile invertebrates

Mobile invertebrates were counted on the same transects as the fidflebile invertebrate
abundance ranged from five to 135 and species richness ranged from one to seven species per
transect.The majority oimobile invertebrates observed were rotloring urchins of the family
Echinometridagaveraging 20 per transect in the Cove and 30 per transect in the Tidepool. All
other mobile invertebrate groups averaged less than two per transect and included crabs, other
urchin species, and sea cucumbe3se Jonef022) for the full list of mobile invertebrate
speciesThe highest abundance of mobile invertebrates (rboking urchins) wasbserved in

the Tidepool at site T5, with several other sites also showing high abundanc&5Fig the

Cove, the highest abundances were observed at the northern sites C5 and.@8)(Fig

Mobile invertebrate

0 90 abundance © 8-17 O 18-23 () 24-44
e \Vleters

Figure 15. Mean mobile invertebrate abundance by transect.
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Figure 16. Variable comparison for LMM models of A) mobile invertebrate abundance, and B) mohb
invertebrate richness. Variable scores (F value) shown in blue are significant at a level of 0.05 and
scores shown in red are not significant.

This analysis focuses on human effects on mobile invertebrate abundance and species richness
(number of species) with corresponding human use counts for standing or swimming humans
within 10m of the transect center and standing or swimming humans on Hres#ct itself.

Mobile invertebrate abundance was influenced by humans standing within 10 m of the

transect, none of the other measured variables were significant predictorsl@4y Mobile
invertebrate species richness was influenced by water visibility and other variables including
humans were not significant predictofsig. 16B)When counts of humans (standing and
swimming) within a 10m radius of the center of the transect were combined, there was no
significant relationship with mobile invertebrate abundance ohriess.

Coral and Algae

Transect surveys

A total of three rounds of benthic cover surveys were conducted on the same transects as the
fish and mobile invert surveys in July, August, and September Z822redominant living

benthic cover on all transects was turf algae, followed by crustose coralline algae (CCA). CCA
was more common in the Cove compared to the TidepBeé Jones (2022) for a list of algae
species recordedl’en coral species from five families were identified on the transects (#able
Live coral cover was found on most transettiough in relatively small proportionsxcept for

the two transects along the northern edge of the tidepool (Hif). Sessile invertebratesere
mainly represented by Hawaiian blue octoco@icothelia edmondsagnibut also including

some sponges (Porifera) and Zoanthids, were common in the Cove but nearly absent in the
Tidepool.

Table4. Coral species observed on K&ptransects listed in order ahean percent cover.

Avg %
Family Species Cover
Acroporidae  Montipora capitata 3.2
Agariciidae Gardineroseris planulata 2.2
Poritidae Porites lobata 2.0
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Acroporidae  Montipora patula 2.0
Agariciidae Pavona varians 2.0
Pocilloporidae Pocillopora meandrina 1.4
Faviidae Leptastrea purpurea 1.0
Acroporidae  Montipora flabellata 0.9
Poritidae Porites evermanni 0.9

Pocilloporidae Pocillopora damicornis 0.7

% Benthic living cover

N
P

|:| Coral

- Macroalgae
[ Jcea

|:_‘ Turf Algae
Sessile Invert

Figure 17. Benthic living cover as a proportion of each transect.

Transect measurements of Coral, Macroalgae, and S@ssdebrate cover were compared

with spatial patterns of human densities from the UAV sunagag with study zone and

depth. Coral cover did not differ significantly between zones amddn density was not a
significant predictor of coral cover, though deeper arbad higher coral cove(p<0.05)

Macroalgae cover did not have significant relationships with any of the variables tested. Sessile
invertebrate cover was significantly higher in the Cove stmalved a positive relationship with
human density§<0.1) It is unclear whether this is causative or correlative.
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Roving caal survey

A total of 444 coral colonies representing 12 species were mapped of wt(91%) wereat
least partially livingHalf of all corals surveyed weRscillopora meandrinand the remainder
(in order of abundance) werglontipora capitata Porites lobataPavona variandPorites
evermannj Montipora patulg with the remaining six species represented by five or fewer
colonies.The depth of surveyed corals ranged from 2 7m. Corals greater or equal to 10cm
in diameter (longest axis) were documented sottbaral size ranged from 10100cm with an

average of 27cmCoral damage was categorizedo i KNES (&LJSa o6o0NBI {1axz

¢ dead patches covered w/ turfig. 18. Out of all corals surveyed, 2926%) were found to be
damagedOf these, the majority (59%) were scrubs, followed by scrapes (26%), and breaks
(15%) Individual areas of broken coral were @® on average (rangeXcm) coral scrapes
averaged 8.8cm (range3bcm) and scrubsvere 11.2 cm on average (rang&’8 cm).

Figure 18. Examples of coral damadjkely due to human trampling. Broken branches and tissue
lossP. meandrinaB) broken brancheB. damicornisC) death and algae growth on top surfate
capitata, and D) death and algae growth on top surf&evermanniPhoto credit: Ellie Jones.
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Coral colonies in the southernmost area of the Tidepool werévally, while coral colonies in
the central Tidepool and Cove were a mix of living, half alive, and dead9JFiGoral damage
was documented throughout the surveyed area with higher occurrence appearing to
correspond with primary access areas of the Tidepool and Cove, respectively, that also
correspond to high traffic/luse areas (F2%).

Figure 19. Summary of coratatus from the roving surveys.

The binomial logistic regression model revealed a significant positive effect of human density
on the probability of coral damage (p<0.001). For areas with the lowest human densities, the
probability of a coral being damaged was ~50%, for areas with the highest human densities the
probability of damage increased to over 80% .(Ei\). Depth was also a significant predictor

of coral damage (p<0.1) with shallower corals haahggher probability of damage (Fig1B).
However, depth explained a great deas$ of the variability compared to human density. Coral
species and coral size were rgignificant predictors of damage ameere not included in the

final model.
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