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Abstract

Herbivorous fishes play integral roles in preventing macroalgae from displacing corals, yet appear to decline with depth despite

the presence of coral-dominated habitats to >80 m. We investigated the relationship between herbivorous fish and a suite of

bottom-up and top-down parameters (algal turf, macroalgal and coral cover, nutritional quality and palatability, temperature,

light, and predator density) along a depth gradient from 3-50 m. Fishes were not food-limited as upper mesophotic algae had

similar nutritional content, assemblages, and appeared highly palatable from algal choice experiments. In-situ temperature

recordings suggest temperature was not a limiting factor. Multivariate redundancy analyses reveal the combination of increased

habitat patchiness and reduced light levels best explain distributions with depth. These results suggest reductions in herbivorous

fish populations across shallow to upper mesophotic depths are likely the result of non-consumptive predator effects and

behavioral choices rather than abiotic constraints or resource limitation.

Introduction

Herbivorous fishes are an integral component of coral reef ecosystems and play crucial roles in maintaining
coral-dominated states (Fox and Bellwood 2007; Adam et al. 2015; Steneck et al. 2017). Limitations to
spatial distribution of herbivorous fishes in shallow waters (<30 m) are largely attributed to bottom-up
processes; temperature has been shown to limit herbivorous fish distributions across latitudinal gradients
within shallow tropical systems (Floeter et al. 2005). Differences in temperature exceeding 8°C can inhibit
metabolic efficiency in herbivorous fishes, thus constraining their distributions regardless of algal resources
(Floeter et al. 2005; Smith 2008). Herbivorous fishes have been hypothesized to be inhibited from mesophotic
habitats as these habitats are often characterized by cooler, more nutrient rich water (Hinderstein et al. 2010).

At finer spatial scales, herbivorous fish distribution is largely attributed to bottom-up effects resulting from
resource availability (Russ 2003; Cvitanovic and Hoey 2010). Recent studies reveal herbivorous fishes cue
specifically to algal quality and productivity rather than simply algal prevalence (Adam et al. 2015; Tootell
and Steele 2016). It is purported that nutrient levels increase at MCE depths due to the influx of colder,
more nutrient rich waters (Kahng et al. 2010). Conversely, reductions in light with depth are inferred to
reduce algal productivity and inhibit visual acuity (Nemeth and Appeldoorn 2009; Brokovich et al. 2010a,
2010b). It is currently unclear how the interplay between nutrient and light levels affect algal productivity.
Additionally, studies have shown mesophotic algae to be more highly chemically defended and thus less
palatable to herbivorous fishes (Hay 1981; Gutow et al. 2014).

Resource availability and productivity may also interact with predation risk to influence the spatial distri-
bution of herbivorous fishes. While algal resources influence centers of distributions, predation may influence
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the margins of distributions at smaller spatial scales. Top-down effects influencing distributions of prey or-
ganisms have been thoroughly demonstrated in rocky intertidal systems (Paine 1980; Menge 1995) yet has
received less attention in structuring subtidal systems. The role of predation (direct or indirect) in structuring
herbivorous fish communities appears variable. Davis et al. (2017a, 2017b) has shown predation influences
behavior but not space use in parrotfishes, while others contend predation risk shapes behavior and distribu-
tion (Catano et al. 2016, 2017; Gil et al. 2017). Recent work by Papastamatiou et al. (2015) reveal the first
evidence of sharks and trevally movement and foraging between shallow and mesophotic depths, indicating
that mobile predators are utilizing mesophotic reefs as foraging grounds.

Based on our understanding of shallow-water mechanisms controlling herbivorous fish abundance and possible
limitations with depth, we conducted a suite of observational and experimental studies on the leeward coast
of Hawai’i to evaluate potential bottom-up and top-down mechanisms affecting the depth distribution of
herbivorous fishes. Specifically, we sought to test how herbivorous fish distributions between shallow (<30
m) and upper mesophotic (30-50 m) depths were influenced by 1) bottom-up effects resulting from thermal
barriers, habitat, resource composition/nutritional value; and 2) predation effects resulting from direct and
indirect predation pressures.

Methods

Study sites

Hawai’i Island has a steeply sloping bathymetry and extensive coral reefs that spread continuously from
shore to depths of approximately 50 m. Eleven sites were selected along West Hawai’i’s coastline in areas
where continuous coral-reef habitat occurs from shallow waters ( 5-30 m) to at least 50 m (Fig. 1). Only
continuous reefs that spanned from 5-50+ m were selected to avoid potential barriers to movement resulting
from large sand breaks between reef areas. Due to the steep slope of Hawai’ian reefs, the 50 m depths
surveyed were often within 100–200 m of the shoreline, thus physical distance between the shallowest and
deepest surveys were between 50 and 200 m from shore.

Fish and benthic sampling design

A stratified sampling design was used to explore changes in fish abundance and trophic structure with
depth. Concordant depth and bathymetric relief among sites were sought to maintain consistency and
reduce potential survey bias. Visual surveys of reef fish and benthic substrates were conducted on SCUBA
at approximately 10-m depth intervals during June–August in 2013–2015. Due to variability of habitat below
30 m, three sites were sampled to 50 m, seven to 40 m and one to 30 m. This resulted in an unequal survey
design with 35 surveys at 3 m, 37 surveys at 10 m, 38 surveys at 20 m, 38 surveys at 30 m, 34 surveys at 40 m,
and 30 surveys at 50 m (for complete details see Kane and Tissot 2017). Visual fish surveys were conducted
at each depth (3–50 m) using a 25 m x 4 m belt transect. Belt length, width and level of replication per depth
(minimum n = 3) were dictated by technical constraints resulting from the short bottom times allowed from
using SCUBA at 50 m depths (Brokovich et al. 2008; Sandin et al. 2008). Within each fish belt transect,
all fishes were identified to species (following Randall 2007) and tallied individually. Benthic survey data
were collected at two of the replicate transects within each depth by photographing a 0.25-m2 quadrat every
meter (n = 25 per transect) using an underwater camera equipped with a PVC photoquadrat framer and
dual lighting system.

All fishes encountered in surveys were assigned trophic designations according to gut content analyses pub-
lished on Hawaiian fish species in Hobson (1974) and Randall (2007), and corroborated with databases from
National Oceanic and Atmospheric Administration’s Pacific Islands Fisheries Science Center for Hawai’i.

Benthic photoquadrat samples were analyzed using CoralNet benthic image analysis (Beijbom et al. 2015).
Fifty random points were placed within each photograph and the biota or substratum directly underneath
each point was identified to the lowest taxonomic classification possible (see Kane and Tissot 2017). Taxo-
nomic identifications were pooled to create descriptive habitat categories which included turf algae, macroal-
gae, sand, and live coral cover that are strongly correlated with reef-fish community composition at shallow
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depths (Friedlander and Parrish 1998; Hoey et al. 2013). Categories were summed by photoquadrat and
averaged (n = 25) to obtain one cover estimate per transect to correspond with fish transects.

Temperature and light sampling

Temperature (°C ) and irradiance (lumens/ft2) estimates were collected at each survey site and depth from
3-40 m (50 m depths not recorded as sensors malfunctioned due to exceeding max depth ratings). Four
identical HOBO Pendant Temperature/Light data loggers (UA-002-64; Onset Computer Corporation) were
affixed to an aluminum plate with each sensor spaced linearly at 10 cm intervals with a sampling interval
of 1 measurement every 10 seconds upon submersion. The plate was positioned on top of the substrate with
the face of the sensors facing directly upward for a minimum of 8 minutes per depth interval. Data loggers
were then downloaded, and the last five minutes of each depth recording were extracted to ensure sufficient
time to calibrate at each depth.

Temperature and irradiance levels were averaged by sensor and then among sensors at each depth within
each site, resulting in one averaged estimate per depth. Differences in irradiance levels among depths were
estimated by dividing the depth of interest by the shallowest depth recorded (near-surface; 3 m) to obtain
the percentage of light available at each depth relative to the near-surface (3m) depth.

Algal identification and Quality

Initial estimates of algal composition and prevalence were compiled via photoquadrat analyses. As certain al-
gal groups could not be easily identified via photographs (turfs, small algae), representative voucher samples
were collected from one site to further classify algae not readily identifiable in photographs. Three repre-
sentative rubble/rock matrices were collected from 10 m (shallow; 7.0 x 5.5 x 4.5 cm) and 40 m (upper
mesophotic; 7.5 x 5.0 x 4.5 cm) depths via SCUBA on 4 August 2016 at Puako (Fig. 1). Each sample was
individually frozen in a plastic bag after collection. Rocks were unthawed on 27 May 2017, photographed,
and all visible algae were removed under a dissecting scope and identified to the lowest possible taxonomic
level using a microscope and reference books (Abbott 1999, Abbott and Huisman 2004, Huisman et al. 2007).
Algal nomenclature was updated using Algaebase (Guiry and Guiry 2017). Each specimen was processed
according to Tsuda and Abbott (1985) and given a collection number (HS) from the herbarium of H. L.
Spalding (HS452 – HS479).

C:N ratios were extracted to test nutrient contents of turf algae between shallow and mesophotic depths.
Thirty samples of representative turf algae were collected by hand at 10 m and 40 m depths at Puako (Fig.
1) in August 2016. Samples were placed in zip-lock bags and transported in sea water to the lab, rinsed,
wet-weighted and then dried at 60°C for 48 hours. Samples were then ground with mortar and pestle until
a fine powder was produced. C and N contents were determined using a Flash 2000 NC soil analyzer (CE
Elantech) against an aspartic acid, C3H7NO4 organic analytical standard (OAS: Elemental C values 36.09,
Elemental N values 10.52).

An in-situ algal choice experiment was conducted to assess the palatability of turf algae from mesophotic
depths. Three sand/rubble patches located adjacent to large coral reef tracts were selected at 10 m depth at
Old Airport (Fig. 1). In each of these patches, 10 pairs of experimental plots were set up (n=30 total). Each
plot consisted of a large cinder block with an attached 60 cm PVC pipe (1 in diameter). A GoPro Hero 3
(white edition) camera was affixed to the top of the PVC pipe to record fish behaviors without distractions
by divers. In front of each camera, a paired design consisted of one control plot (30 cm x 30 cm area filled
with turf algae-covered rubble collected from the adjacent reef area at 10 m depth) and one experimental
plot (30 cm x 30 cm area with turf algae-covered rubble collected from 40 m depth and transported up to
the experimental site) set 1 m apart from each other. After setup, cameras were turned on and recorded for
approximately 30 minutes. To control for discovery time, we began analysis of each treatment video at 5
minutes and analyzed fish activity for 20 minutes. Within the 20-minute time frame, we identified every fish
visible to species and recorded total visitation time by each fish, the amount of time each fish investigated
and/or grazed on algae, and number of bites taken during each foraging bout.
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Behavioral observations

We conducted observations of herbivorous fishes to examine behavioral patterns in both shallow (<10 m)
and upper mesophotic (30-50 m) coral reef environments. We selected Zebrasoma flavescens(Acanthuridae)
and Scarus psittacus (Scarinae) as representative species because they were the most commonly observed
fish in both shallow and upper mesophotic depths during transect surveys. Focal observations of adult Z.
flavescens and S. psittacus were conducted at two sites, Puako (northern region) and Old Airport (central
region)(Fig. 1). Within each site, we selected 20 adult fish at each depth treatment; shallow observations
included fishes found at 3-10 m depths, while upper mesophotic observations included fishes from 30-50 m
depths. Focal observations were conducted by attaching a GoPro camera to a 2 m PVC pipe; SCUBA divers
selected one fish and carefully filmed them for a period of 5 minutes from a distance of at least 5 m. If the
focal fish was startled by the diver or went out of view of the diver at any time during the 5-minute session,
filming was aborted and another fish was selected. Extensive communication between divers at each depth
and detailed notes collected on visual fish identities during video analysis were used to ensure the same fish
were not enumerated multiple times.

Behaviors were binned into six categories; foraging (fish actively grazing on substrate), swimming (fish
actively moving), aggressor (focal fish actively chasing another fish), victim (focal fish actively being chased
by another fish), courtship (spawning behaviors and territorial patrolling; swimming >2 m above substrate
in a repetitive pattern), or other (any additional behaviors not previously outlined, such as time spent at
cleaning stations).

Data analysis

Sites were grouped into three geographic regions (North, Central, South Kohala-Kona coast) to ensure ade-
quate sampling effort for analyses (Fig. 1). Fish abundance and behaviors were calculated using two factor
generalized linear models (GLM; abundance analyses with Poisson distribution, focal observations with Gaus-
sian distributions; JMP 12.1.0, SAS Institute Inc.). Analysis of environmental predictors for herbivorous fish
distributions were conducted using a multivariate distance-based linear model with Best selection approach
(distLM; Primer v. 6.1.13, Primer-E+). Prior to analysis, all variables were tested and transformed as ap-
propriate for skewness. Multi-collinearity tests revealed no two variables showed correlations greater than
0.65 so all variables were retained for analysis.

Results

Herbivore distributions

A total of 5,253 fish from 33 herbivorous species were counted during transect surveys (Appendix S1: Table
S1). The herbivore assemblage was dominated largely by acanthurids (17 species), which encompassed 80%
of all fishes encountered. Labrid fishes (subfamily Scarinae) and pomacanthid fishes were the second-most
common families (labrid: 5 spp., pomacanthid: 2 spp.) and each comprised approximately 7% of fish surveyed.
Acanthurid fishes differed significantly across both depth and regions sampled (GLM: depthχ2

5,212 = 1792.28,
P [?] 0.001; region χ2

2,212 = 35.42, P [?] 0.001; depth x region χ210,212 = 262.11, P [?] 0.001; Fig. 2a).
Scarinae differed significantly across both depths and regions sampled (GLM: depthχ2

5,212 = 111.67, P
[?] 0.001; region χ2

2,212 = 16.31, P = 0.003; depth x region χ210,212 = 104.4, P [?] 0.001; Fig. 2b).
Pomacanthid species exhibited significant patterns across depth and depth x region interactions, but no
significant differences among regions sampled (GLM: depthχ2

5,212 = 127.95, P [?] 0.001; region χ2
2,212 =

0.0004, P =0.99; depth x region χ210,212 = 54.83, P [?] 0.001; Fig. 2c). The remaining herbivorous families
were pooled due to low overall abundances, and were also found to decrease significantly with depth, but did
not differ significantly between regions (GLM: depthχ2

5,212 = 247.7, P [?] 0.001; region χ2
2,212 = 5.89, P

=0.052; depth x region χ210,212 = 38.64, P [?] 0.001; Fig. 2d). While herbivorous fishes in all regions declined
with depth, a significant interaction between region and depth occurred as a result of higher abundances at
the northern sites.

DistLM analysis indicated significant relationships between herbivorous fish community structure and 5 of

4



P
os

te
d

on
A

u
th

or
ea

1
O

ct
20

20
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

15
75

65
.5

74
27

06
2

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

7 variables tested (macroalgae and temperature not statistically significant; Appendix S1: Table S2). The
model that best explains herbivorous fish distributions (lowest AIC values) incorporates a combination of
light, coral cover and sand cover variables and accounts for approximately 14% of the total variation in
herbivorous fish communities (Table 1).

Predator distributions

Piscivorous fishes were mostly comprised of site-attached species (17 spp.) while mobile piscivores were rare
and comprised of few species (6 spp.; Fig. 3a). Piscivores differed significantly between depths and between
depth x region, but were not significantly different between regions (Fig. 3b; GLM: depthχ2

5,212 = 18.96, P
= 0.002; region χ2

2,212 = 1.81, P =0.41; depth x region χ210,212 = 37.93, P [?] 0.001).

Temperature and Light sampling

Water temperatures averaged 28.6°C at 3 m to 26.6°C at 40 m. Temperature was highly variable between sites
at 3 m depths, but relatively stable at 10-40 m depths. Light levels followed similar patterns as temperature
with much more variability in irradiance at 3 m depths and more stable irradiance at deeper depths. Irradiance
decreased sharply with depth; 10 m depths averaged 39.5% of surface light available at 3 m, 20m depths
22%, 30 m depths 12.8%, and 40 m depths averaged 7.8% of light levels at 3 m.

Algal Identification and Quality

The shallow and upper mesophotic algal communities had a low abundance of macroalgae, with turf algae
and brown dictyotalean blades most visually apparent (Appendix S1: Table S3). Within voucher samples,
most macroalgae were diminutive (< 1 cm long) and sterile, making identifications to the species level
difficult without molecular techniques. Shallow algal communities had the highest cover of visually apparent
macroalgae and species diversity (35 species/genera), while the upper mesophotic communities were more
depauperate with lower diversity (21 species/genera; ESM 3). Overlap in species composition was high, with
two-thirds of the upper mesophotic species also found in shallow samples, including three abundant brown
macroalgae (Dictyota sp.,Padina sp., and Stypopodium flabelliforme ; ESM 3). These species of brown algae
belong to the Dictyotaceae, a family known to have antiherbivory compounds and inducible antiherbivory
defenses (Hay 1992; Macaya and Thiel 2008). All of the upper mesophotic genera have also been described
from shallow water (Abbott 1999; Abbott and Huisman 2004), although species-level identifications would
be necessary to evaluate possible overlap.

Carbon and nitrogen inputs of turf algae collected from 10 m and 40 m depths revealed no significant
differences between depths for carbon (t1,57=0.15, P=0.88), nitrogen (t1,57=0.65, P=0.52), or C:N ratios
(t1,57=0.24, P=0.81). Mean levels of %C were 13.47% (+/- 0.28 SE) at 10 m vs. 13.53% (+/- 0.28 SE) at
40 m. Nitrogen composition averaged 0.67% (+/- 0.03 SE) at 10 m and 0.7% (+/- 0.03 SE) at 40 m. Mean
C:N ratios at 10 m were 21.19 (+/- 1.07 SE) at 10 m and 20.83 (+/- 1.05 SE) at 40 m.

During the algal choice experiment, both grazing time (χ2
1,58= 11393.99, P [?] 0.001) and grazing intensity

(χ2
1,58= 81.14, P [?] 0.001) were significantly greater on algae collected from 40 m depths. Grazing was

dominated largely by small-bodied surgeonfish (Zebrasoma flavescens, Acanthurus nigrofuscus, Ctenochaetus
strigosus), which accounted for 87% of the grazing time in shallow treatments, and 65% of the grazing time
in upper mesophotic treatments. Large-bodied surgeonfish (Naso lituratus, Acanthurus olivaceous, Naso
unicornis ) accounted for 5% of shallow grazing time and 15% of upper mesophotic grazing time, while
parrotfish (Calotomus carolinus, Calotomus zonarchus, Chlorurus spilosoma, Scarus psittacus ) accounted
for 7% of shallow grazing time and 13% of upper mesophotic grazing time.

Behavioral observations

Zebrasoma flavescens exhibited differences in foraging (GLM: depth t1,40 = 0.49, P =0.62; site t1,40= 2.64,
P =0.009; depth x site t1,40 = 1.56, P =0.12), swimming (GLM: depth t1,40 = 0.76, P =0.45; site t1,40 =
2.32, P =0.02; depth x site t1,40 = 1.85, P =0.06) and aggressive behaviors (GLM: depth t1,40 = 1.77, P
=0.08; site t1,40 = 2.24, P =0.03; depth
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x site t1,40 = 1.3, P =0.2) between sites but not between depths (Fig. 4a). Differences were observed among
both site and depth in submissive behaviors (GLM: depth t1,40 = 2.8, P =0.006; site t1,40 = 2.21, P =0.03;
depth x site t1,40 = 1.91, P =0.06) with more fishes being chased in shallow waters than upper mesophotic
waters. No significant differences were found among either sites or depths for courtship behaviors, as they
were rarely observed (GLM: depth t1,40 = 0.58, P =0.57; site t1,40 = 0.1, P =0.92; depth x site t1,40 = 0.75,
P =0.45).

Scarus psitticaus could not be found at upper mesophotic depths at the Old Airport site, precluding analyses
comparing upper mesophotic/shallow behavior at this site. The resulting analyses were performed from
observations at the Puako site only. S. psittacusexhibited differences between depths (Fig. 4b) in foraging
(GLM: t1,40 = 3.64, P =0.0008), swimming (GLM: t1,40 = 8.78, P < 0.0001) and courtship behaviors (GLM:
t1,40 = 12.05, P <0.0001). No significant differences were found between depths for aggressor, victim, or
other behaviors, as they were uncommonly observed (GLM: aggressor t1,40 = 0.025, P =0.80; victim t1,40 =
0.16, P =0.87; other t1,40 = 1.03, P =0.32).

Discussion

Findings suggest that the lower limits of herbivorous fish distribution result from top-down, non-consumptive
predation effects rather than resource limitation or metabolic constraints. Terrestrial research has highlighted
the importance of non-consumptive predator effects, whereby prey are forced to modify foraging ranges to
reduce predation risk (Peckarsky et al. 2008; Preisser et al. 2009). The “landscape of fear” model suggests
prey alter their foraging behaviors in response to spatial and temporal heterogeneity in predation risk, and
this model has recently been corroborated in marine ecosystems (Matassa and Trussell 2011; Catano et
al. 2016; Davis et al. 2017a). While predator abundance was low among all depths surveyed, the low-
light environment at upper mesophotic depths likely inhibits visual acuity of herbivorous fishes more than
piscivores, whose eyes are more well-adapted to low-light conditions (McFarland 1991). Our models of
herbivore distribution indicate the combination of more patchily distributed habitat (increased sand cover
and lower coral cover at upper mesophotic depths) as well as reduced light levels best explain the reduction
in herbivorous fishes at upper mesophotic depths, supporting landscape of fear models. Studies of predators
on mesophotic reefs are limited, but initial studies by Papastamatiou et al. (2015) in the Northwestern
Hawaiian Islands reveal apex predators undergo regular diel movements between shallow and mesophotic
depths and obtain approximately 35% of their diet from mesophotic reefs. The observed movement patterns
of predators, in conjunction with decreased visual acuity from low light levels and reduced sheltering space
likely enhance predation threat in herbivorous fishes at upper mesophotic depths (Brokovich et al. 2010b;
Catano et al. 2016, 2017).

This theory is further supported when comparing the behavioral characteristics of the smaller bodied Z.
flavescens to the larger bodied S. psittacus . During this study, Z. flavescensbehavioral characteristics were
similar between depths, spending most of their time in upper mesophotic depths either foraging or swimming.
Conversely, the larger bodied S. psittacus were only found in sufficient quantities for our behavioral study
at one site (indicating more scarcity at depth) and their behaviors shifted from predominantly swimming at
shallow depths to almost exclusively engaging in courtship behavior at upper mesophotic depths; indicating
the main presence at depth is for spawning. In contrast with most terrestrial studies, vulnerability to
predation in reef fishes has been positively correlated with body size, suggesting smaller bodied fishes are
less wary in response to predators (Sinclair et al. 2003; Burkepile et al. 2013; Catano et al. 2016). Our work
supports this observation, with smaller-bodied herbivores more commonly observed at upper mesophotic
depths and larger-bodied herbivores rarely observed.

Light levels have been widely documented to generate strong bottom-up effects in both terrestrial and aquatic
environments (Wootton and Power 1993; Stoepler and Lill 2013; Bennie et al. 2015). Conversely, we found
that light levels likely facilitate top-down regulation of herbivorous fishes at upper mesophotic depths. Unlike
studies in other systems, we found that decreased light levels did not constrain the quantity or quality of
algal resources at upper mesophotic depths. Nitrogen composition was virtually identical between 10 m and
40 m turf algal samples. C:N ratios between shallow and upper mesophotic depths were also nearly identical,
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indicating the nutritional value of turf algae is not reduced at upper mesophotic depths. Instead, reductions
in light levels at upper mesophotic depths likely affect the visual acuity of shallow reef fish species, thereby
enhancing perceived predation risk (Brokovich et al. 2010b).

We were subsequently interested in parsing out changes in algal quality between shallow and mesophotic
depths. While upper mesophotic algae appear to be just as nutritious as shallow algae, it is possible that
upper mesophotic algae contain antiherbivory compounds and inducible antiherbivory defenses (Hay 1992,
Macaya and Thiel 2008). We identified three abundant brown macroalgae in deep collections (Dictyotasp.,
Padina sp., and Stypopodium flabelliforme ) that belong to the Dictyotaceae, a family known to have anti-
herbivory compounds. Previous work in the Caribbean has shown reduced herbivory below 30 m was largely
a result of increased chemical defenses in algal communities (Hay 1981, 1997; Slattery and Lesser 2014).
Choice experiments reveal that unlike Caribbean reefs, shallow mesophotic algal communities in Hawai’i
appear to be highly palatable. When algal communities from 40 m were transplanted to 10 m depth, fish
spent significantly more time grazing and grazed more intensely on upper mesophotic algal communities than
control (10 m) algal communities. We commonly observed upper mesophotic turf algal patches with turfs in
excess of 3 cm length, indicating that turf algae at these depths are not commonly or heavily grazed. Yet,
evidence of feeding at upper mesophotic depths and preferential feeding on upper mesophotic algae when
transplanted to shallow depths do not translate to high grazer abundance or high grazing pressure at upper
mesophotic depths, further supporting non-consumptive predation risk as the most probable mechanism
limiting herbivore distribution with depth.

We still have much to learn regarding algal-herbivore interactions at mesophotic depths and the interplay
between mesophotic and shallow reefs. The trends described in this study pertain to the upper mesophotic
region of Hawai’i (30-50 m), yet mesophotic reefs in Hawai’i and around the world extend to depths of 100
m or greater (Kahng and Maragos 2006; Loya et al. 2016). It is unclear whether deeper mesophotic reefs
undergo similar herbivore constraints as the upper mesophotic constraints described herein, or the lower
temperatures (Pyle et al. 2019) and differing algal species composition (Spalding et al. 2019) of mid to lower
mesophotic reefs may act in concert with the indirect effects of predation to further constrain herbivorous fish
distributions. Additionally, the vast majority of predictive models for coral-algal-herbivore interactions do
not include the role depth may play in limiting herbivore abundance (Mumby and Hastings 2007; Brokovich
et al. 2010a; Adam et al. 2015). Hence, future attempts to address herbivore effects on coral reef resilience
would benefit by further investigating mesophotic reefs addressing the lower extent of herbivorous fish depth
ranges. These findings highlight opportunities for exploring alternative mechanisms influencing coral reef
resilience, and the overall need to continue and expand mesophotic coral reef studies.
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Table 1: Highest ranking DistLM models using BEST selection procedure.

AIC R2 Selections

926.53 0.138 Coral, Sand, Light
926.93 0.150 Turf Algae, Coral, Sand, Light
927.24 0.118 Coral, Light
927.28 0.147 Coral, Sand, Light, Piscivore
927.31 0.117 Coral, Sand

Figure Legends

Figure 1: Locations of surveys sites along West Hawai’i. Starred sites indicate locations of behavioral studies.

Figure 2: Mean (± SEM) abundance of a) Acanthuridae, b) Scarinae, c) Pomacanthidae, and d) other
herbivorous fishes by region across survey depths (m).

Figure 3: Mean (+/- SEM) abundance of a) mobile vs. site-attached predators, and b) piscivorous fishes
within each region across survey depths (m).

Figure 4: Mean (± SEM) proportion of time a) Zebrasoma flavescensand b) Scarus psittacus displayed each
behavior.
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Figure 1: Locations of surveys sites along West Hawai’i. Starred sites indicate locations of behavioral studies.
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predator-effects-constrain-herbivorous-fish-distribution-and-abundance-at-upper-

mesophotic-depths-30-50-m

Figure 2: Mean (± SEM) abundance of a) Acanthuridae, b) Scarinae, c) Pomacanthidae, and d) other
herbivorous fishes by region across survey depths (m).
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Figure 3: Mean (+/- SEM) abundance of a) mobile vs. site-attached predators, and b) piscivorous fishes
within each region across survey depths (m).

Hosted file

image4.emf available at https://authorea.com/users/363312/articles/484116-non-consumptive-

predator-effects-constrain-herbivorous-fish-distribution-and-abundance-at-upper-

mesophotic-depths-30-50-m

Figure 4: Mean (± SEM) proportion of time a) Zebrasoma flavescensand b) Scarus psittacus displayed each
behavior.
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