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ABSTRACT: Environmental cofactors alter host-pathogen interactions and influence disease
dynamics by impairing host resistance and/or increasing pathogen virulence. Terrestrial runoff is
recognized as a major threat to coral reef health. However, the direct links between runoff and
coral disease are not clear. Montipora white syndrome (MWS) is a coral disease that occurs in the
Hawaiian archipelago, can be caused by various bacterial pathogens, including Vibrio species,
and is linked to conditions associated with heavy rainfall and runoff. The objective of this study
was to determine whether a short-term hyposalinity stress (20 ppt for 24 h) or sedimentation stress
(1000 g m~2 d~') would influence bacterial infection of the coral Montipora capitata. Hyposalinity
increased M. capitata susceptibility to infection by 2 MWS pathogens, Vibrio coralliilyticus strain
OCNO08 and Vibrio owensii strain OCNO002. Specifically, hyposalinity allowed OCNO008 to infect
at lower doses (10° CFU ml~! compared with 108 CFU ml™!) and reduced the amount of time before
onset of OCNO002 infection at high doses (102 CFU ml™). In contrast, short-term sedimentation
stress did not affect M. capitata infection by either of these 2 pathogens. Although several studies
have found a correlation between runoff and increased coral disease prevalence in field studies,
this is the first study to show that one aspect of runoff (reduced salinity) enhances bacterial infec-

tion of coral using manipulative experiments.
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INTRODUCTION

Disease is a global threat to marine ecosystems and
is a main contributor to declines in coral populations
worldwide (Peters 2015), prompting a need to better
understand disease dynamics in coral reef ecosystems.
Disease in coral, like in humans, results from a com-
plex interaction between host resistance and patho-
gen virulence, which can be altered by environmental
cofactors. Environmental cofactors alter host-patho-
gen interactions and influence disease dynamics in 2
fundamental ways. Environmental cofactors affect
basic physiological properties of hosts, altering their
ability to fight infection, and pathogens may experi-
ence changes in abundance or virulence in response
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to environmental cues (Keane & Kerr 1997). Investi-
gating changes in host—pathogen interactions due to
environmental cofactors is particularly challenging in
coral disease systems; the coral holobiont is complex
(symbiosis with photosynthetic Symbiodinium and a
diverse community of microorganisms), several envi-
ronmental cofactors may act synergistically, and coral
diseases have varying etiologies and ecologies
(Harvell et al. 2007). Despite these challenges, under-
standing the effects of environmental cofactors on
coral disease dynamics is particularly important given
the ability of human activities to cause environmental
change on local and global scales.

Many environmental parameters affect coral phys-
iology such as temperature, irradiance, eutrophica-
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tion, sedimentation, and freshwater input (Rogers
1990, Bruno et al. 2003, 2007, Fabricius 2005, Harvell
et al. 2007). Increased sea surface temperature is well
studied in connection with coral disease processes.
Many coral disease outbreaks are linked to thermal
stress (Bruno et al. 2007, Miller & Richardson 2014),
warm temperatures dampen certain coral immune
responses, such as antimicrobial activities (Ritchie
2006, Mydlarz et al. 2009), and some coral pathogens
have enhanced virulence during higher tempera-
tures (Banin et al. 2003, Ushijima et al. 2016). Terres-
trial runoff is also recognized as a major threat to
coral reef health, and the effects of eutrophication,
decreased salinity, and sedimentation from terres-
trial runoff on coral ecology and coral reef distribu-
tion are well characterized (reviewed in Fabricius
2005). In relation to coral disease, terrestrial runoff
has been correlated with higher disease prevalence
(Haapkyla et al. 2011), eutrophication increases coral
disease severity (Bruno et al. 2003, Voss & Richard-
son 2006a), and terrestrial runoff is hypothesized to
be a source of some coral pathogens, such as Asper-
gillus sydowii (etiologic agent of Aspergillosis in sea
fans) (Smith et al. 1996).

Although many environmental cofactors are asso-
ciated with terrestrial runoff, both salinity and sedi-
mentation are known to have large impacts both on
the distribution and structure of coral reef ecosys-
tems and directly impact the physiology of the coral
animal. There are fewer coral reefs near outlets of
major rivers (Birkeland 1997), growth and reproduc-
tion are reduced in corals near sources of freshwater
(Lirman et al. 2003), and severe episodes of reduced
salinity can cause mass mortality on coral reefs (Bahr
et al. 2015a). Changes in salinity may impact disease
dynamics by disrupting cellular processes in the
coral host (Muthiga & Szmant 1987, Downs & Kra-
marsky-Winter 2009), disrupting symbiosis with
Symbiodinium (Manzello & Lirman 2003), or by alter-
ing associated microbial communities (Rothig et al.
2016). Sedimentation has similar influences on coral
distribution, cover, and growth (Rogers 1990, Fabri-
cius 2005). Sedimentation has also been correlated
with coral disease prevalence (Voss & Richardson
2006a,b, Pollock et al. 2014, Sheridan et al. 2014a)
and may influence disease processes by inducing
direct damage, altering associated microbial commu-
nities (Hodgson 1990, Weber et al. 2012), decreasing
energy resources (hypothesized to decrease resist-
ance to infection) (Abdel-Salam & Porter 1988), or
serving as an abiotic reservoir or vector of coral
pathogens (Voss & Richardson 2006b, Sheridan et al.
2014a).

In recent years, Montipora white syndrome (MWS)
has become a coral disease of concern for Hawaiian
coral reefs (Friedlander et al. 2008). MWS is a pro-
gressive tissue loss disease that primarily affects
Montipora capitata, an abundant reef-building coral
in Kaneohe Bay, Oahu, USA. MWS is transmissible
by direct contact and can present as a chronic, sub-
acute lesion, causing tissue loss at a rate of ~3% mo™?,
or as an acute lesion, causing tissue loss at a rate of
~24% mo™! (Aeby et al. 2010, 2016). The southern re-
gion of Kaneohe Bay, where water circulation is more
restricted and has the longest residence time (Bathen
1968, Drupp et al. 2011), has the highest disease
levels during outbreak (Aeby et al. 2016) and non-
outbreak (Aeby et al. 2010) time periods. Therefore, it
was hypothesized that a cofactor associated with ter-
restrial runoff, such as sedimentation or decreased
salinity, may influence MWS disease dynamics. Un-
der laboratory conditions, 2 species of Vibrio have
been identified as MWS pathogens, causing progres-
sive tissue loss in M. capitata. Vibrio owensii strain
OCNO002 causes diffuse tissue loss (Ushijima et al.
2012) and Vibrio coralliilyticus strain OCNO008 causes
acute tissue loss (Ushijima et al. 2014). The objective
of this study was to test whether a short-term hypo-
salinity or sedimentation stress could increase the
susceptibility of M. capitata to bacterial infection.
Specifically, we measured whether hyposalinity or
sediment stress could decrease the time or the dosage
needed for a MWS pathogen to infect M. capitata.

MATERIALS AND METHODS
Salinity stress

The average salinity of Kaneohe Bay during non-
rainfall conditions is approximately 35 parts per
thousand (ppt) (Bathen 1968). Kaneohe Bay has
runoff originating from nearby streams (Cox et al.
2006, Ostrander et al. 2008) that discharge at low
flow rates with sporadic intense runoff associated
with rainstorms during the winter (Ostrander et al.
2008, Drupp et al. 2011). During rainfall events, salin-
ity can decrease to 20 ppt (or even as low as 15 ppt)
over a range of 12 h to 5 d (Ostrander et al. 2008).
Based on these patterns of salinity changes in
Kaneohe Bay, a reduction to 20 ppt for 24 h was cho-
sen as the salinity stress to conduct infection trials
with MWS pathogens. Preliminary experiments
determined that this exposure did not induce any
gross signs of bleaching or tissue loss in Montipora
capitata fragments.
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Salinity in each aquarium was changed by remov-
ing a set volume of seawater and replacing with an
equal volume of 0.2 pm filtered, distilled freshwater
to lower salinity or by replacing with an equal vol-
ume with 0.2 pm filtered 35 ppt seawater to raise
salinity. Salinity was reduced or raised at a rate of
3 ppt h™! until the desired salinity was reached, and
was monitored using a Sper Scientific salinity/con-
ductivity pen. Salinity changes due to evaporation
were prevented by lids on each aquarium, and aera-
tion was provided constantly to prevent haloclines.

Sedimentation stress

The sedimentation rate in Kaneohe Bay during
non-rainfall conditions is less than 10 g m~2 d~! (Kin-
zie et al. 2001, Te 2001). Sedimentation rates during
heavy rain events can range from 40 g m~2 d~! (Kinzie
et al. 2001) to 35000 g m~2 d~! (Maragos 1972), and
the majority of the sediment settles in less than 1 d
(Te 2001). In the southern region of Kaneohe Bay, the
yearly average sedimentation rate is approximately
1000 g m™2 d~! (Maragos 1972). Therefore, a loading
rate of 1000 g m~2 d~! was chosen as the sediment
stress to conduct infection trials with MWS patho-
gens. M. capitata can tolerate a 100 g m™2 d! sedi-
ment stress without signs of tissue loss, even when
applied repetitively over multiple days (Te 2001), and
preliminary experiments determined that exposure
at 1000 g m~2 d~! did not induce any gross signs of
bleaching or tissue loss in M. capitata fragments.

The amount of sediment to be placed on each frag-
ment was scaled for the surface area of each coral frag-
ment, which was estimated by photometric analysis
(Image J software, v1.46 NIH). The perimeter of each
coral fragment was digitally outlined and the encircled
area calculated in cm? Digital measurements were
conducted in triplicate for each photograph and the
averages were used for subsequent calculations. Sedi-
ments used in experiments were collected from the top
5 cm of sediment from the same fringing reef where
coral fragments were collected. Sediments were
drained of excess seawater, dried for 48 h at 60°C, and
then aliquoted into glass vials (with the appropriate
mass of sediment for each coral fragment) before ster-
ilization via autoclaving. Sterilization was conducted
to remove any potential pathogens that may have
been present in reef sediments. This allowed for accu-
rate dosage of MWS pathogens and prevented the in-
troduction of other unknown potential coral pathogens.
Sediments were applied directly onto the coral
surface, using sterile serological pipettes.

Infection trial experimental design

Set up for infection trials was conducted similarly
as previously described (Ushijima et al. 2014). Each
infection trial utilized a block design in which repli-
cate fragments from the same colony were exposed
to the environmental stress (stressed group) or kept
at ambient conditions (non-stressed group) and were
subsequently exposed to 0.2 pm filtered seawater
(FSW) only or to an MWS pathogen (OCNO008 or
OCNO002) at one of 3 different dosages (expressed in
colony forming units per ml of FSW, or CFU ml™).
Non-pathogen (FSW only) exposed fragments were
included in the block design to show that tissue loss
was due to bacterial infection rather than possible
stress created by laboratory conditions (light, tem-
perature, water motion, water quality). The 3 dos-
ages chosen for inoculation were high (102 CFU
ml™'), intermediate (10 CFU ml™!), and low (10* CFU
ml™'). The highest dose (108 CFU ml™!) was previ-
ously used to confirm infectivity of OCNO008 (Ushi-
jima et al. 2014). For each infection trial, 8 fragments
from 12 M. capitata colonies were collected from
fringing reefs off Moku O Loe, allowed to acclimate
for 2 d in an outdoor, flow-through seawater table,
and then placed in individual 4 1 aquaria. Each block
of individual aquaria was maintained in a larger,
freshwater-filled secondary container that was fitted
with aquarium heaters to maintain temperature at
27°C, the temperature used to determine infectivity
of OCNO08 and near the mean summer seawater
temperature in Kaneohe Bay (27.4°C, 2003-2012;
http://tidesandcurrents.noaa.gov/). Water pumps and
temperature loggers were placed at both ends of
both control and treatment water tables to ensure
even heat distribution and monitor seawater temper-
ature. For salinity stress infection trials, salinity was
reduced to 20 ppt for 24 h (as described above), and
then all coral fragments were inoculated with a MWS
pathogen within 1 h of the stressed group returning
back to ambient salinity (35 ppt). For sediment stress
infection trials, coral fragments from the stressed
group were moved from individual aquaria to 6 1
glass aquaria (1 aquarium per block) to apply sedi-
ments (as described above). Sediments were applied
in 3 dosages every 3 h to reach a total dose of 1000 g
m~2, After 24 h, coral fragments were cleared of re-
maining sediments and then moved back to individ-
ual aquaria. All coral fragments were inoculated with
a MWS pathogen within 1 h of the stressed group
returning back to individual aquaria. Infection trials
with salinity stress or with sediment stress were con-
ducted individually for both OCNO008 and OCNO002.
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To prepare inocula for the infection trials, an
overnight culture of the MWS pathogen (OCNO008 or
OCNO002) was inoculated into fresh glycerol artificial
seawater (GASW) medium and incubated at 27°C.
Cultures were grown to an optical density of 0.8 (at
600 nm) and were then centrifuged at 3220 x g for
15 min. The supernatant was removed and then the
bacterial pellet was resuspended in FSW. High dose
aquaria received this standard inocula, and serial 10-
fold dilutions of the standard inocula were used to
inoculate the intermediate and low doses. To confirm
the dosage, inocula were diluted in FSW and plated
onto GASW media. The final concentrations of in-
ocula were determined to be 1.3 x 108 CFU ml™?,
1.1 x 10°% and 2.4 x 10* CFU ml™! for high, intermedi-
ate, and low doses, respectively. Coral fragments
were monitored daily and water quality maintained
with partial seawater changes every 3 d. Infection tri-
als using OCNO008 were run for a maximum of 25 d,
whereas infection trials using OCNO002 were run for a
maximum of 35 d, as previously described (Ushijima
et al. 2012, 2014).

Infection trial data were analyzed using the Mantel-
Cox log-rank test, a non-parametric method used
for nominal data. The number of days to infection
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between stressed and non-stressed groups is pre-
sented as mean (+ SEM) and was compared using a
non-parametric Mann-Whitney U test.

RESULTS
Salinity stress

Hyposalinity stress did not reduce time to infection
but allowed Vibrio coralliilyticus strain OCNO008 to
infect at a lower dose. OCNOO08 is capable of infect-
ing Montipora capitata in less than 5 d at a concen-
tration of 108 CFU ml™' (Ushijima et al. 2014). The
high dose (108 CFU ml™!) infected 9 out of 12 (75 %)
fragments in both non-stressed and stressed groups
after an average of 2.7 + 0.4 d and 2.5 + 0.4 d, respec-
tively (Mann-Whitney: W = 97.5, p = 0.309; Fig. 1A).
The intermediate dose (10° CFU ml™') infected 7 out
of 12 (68 %) stressed fragments after an average of
16.1 +£ 0.7 d but did not infect any fragments in the
non-stressed group (Mantel-Cox log-rank test: ¥% =
9.604, df = 1, p = 0.001; Fig. 1A). The low dose
(10* CFU ml™!) failed to infect coral fragments in
either the stressed or non-stressed groups and no

—&@— Non-stressed - FSW only
Stressed - FSW only
Non-stressed - 10* CFU m!™

Stressed - 10* CFU mI™
Non-stressed - 10° CFU mI™
Stressed - 10° CFU mI™
Non-stressed - 10® CFU ml™
Stressed - 108 CFU mI™

Fig. 1. Kaplan—Meier survivorship curve of Montipora capi-
tata salinity stress infection trials using (A) Vibrio coralliilyti-
cus OCNO008 (n = 12) and (B) V. owensii OCNO002 (n = 10).
Closed shapes, solid lines: non-stressed (ambient salinity)
groups. Open shapes, dotted lines: stressed (reduced salin-
ity: 20 ppt for 24 h) groups. Square shapes: high dosage of
MWS pathogen (1028 CFU ml™!). Triangle shapes: medium
dosage of MWS pathogen (10° CFU ml™!). Diamond shapes:
low dosage of MWS pathogen (10* CFU ml™'). Circle shapes:
no MWS pathogen, exposed to 0.2 pm filtered seawater
(FSW) only
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fragments exposed to FSW only developed tissue loss
over the course of the infection trial (Fig. 1A).
Hyposalinity stress decreased the time to infection at
the high dose but did not allow Vibrio owensii strain
OCNO002 to infect at a lower dose. OCNO002 is capable
of infecting M. capitata after an average of 28 d at a
concentration of 6 x 105 CFU ml™! (Ushijima et al. 2012).
The high dose infected 8 out of 10 (80 %) stressed frag-
ments at an average of 11.9 + 2.2 d and 5 out of 10
(50 %) non-stressed fragments at an average of 28.4 +
1.3 d (Mantel-Cox log rank test; x% = 5.595, df =1, p =
0.018; Fig. 1B), demonstrating a significant reduction in
the average number of days to infection (Mann-Whit-
ney: W= 95.0, p = 0.004). The intermediate dose in-
fected 4 out of 10 (40 %) stressed fragments after an av-
erage of 17.5 + 0.8 d but did not infect any fragments in
the non-stressed group (Mantel-Cox log rank test; 2 =
4.773,df =1, p = 0.028; Fig. 1B). The low dose failed to
infect any fragments in either the stressed or non-
stressed groups, and no fragments exposed to FSW
only developed tissue loss over the course of the infec-
tion trial (Fig. 1B). Two blocks in this infection trial were
removed from analysis, hence n = 10, because electric-
ity was lost to the water heaters and pumps 4 d post-
inoculation, causing the temperature to drop to 24°C.
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Sedimentation stress

Sediment stress did not reduce time to infection or
allow OCNOO8 to infect at a lower dose. The high
dose infected 8 out of 12 (66 %) stressed fragments
after an average of 2.3 + 0.6 d and 10 out of 12 (83 %)
of non-stressed fragments after an average of 1.8 +
0.3 d (Mann-Whitney: W = 87.5, p = 0.534; Fig. 2A).
The intermediate dose and the lowest dose failed to
infect any coral fragments in either the stressed or
non-stressed groups (Fig. 2A). None of the fragments
in either the stressed or non-stressed group exposed
to FSW only developed tissue loss over the course of
the infection trial (Fig. 2A).

Sediment stress did not allow OCNO0O02 to infect
at a lower dose nor did it lower the time to infec-
tion. The highest dose infected 7 out of 12 (58 %)
stressed fragments after an average of 23.8 + 1.4 d
and 6 out of 12 (50%) of non-stressed fragments
after an average of 27.2 + 1.6 d (Mantel-Cox log-
rank test; Xz = 1.450, p = 0.228; Fig. 2B). The inter-
mediate dose and the lowest dose failed to infect
any coral fragments in either the stressed or non-
stressed groups (Fig. 2B). None of the fragments in
either the stressed or non-stressed group exposed

—@&— Non-stressed - FSW only
=-=©=~- Stressed - FSW only
—&— Non-stressed - 10* CFU mI™’
--&-- Stressed-10* CFUmI™
—&— Non-stressed - 105 CFU mI™!
--A-- Stressed - 10° CFUmI™
—@— Non-stressed - 108 CFU mI™"
-=E} - Stressed - 10% CFU mI™

Fig. 2. Kaplan—Meier survivorship curve of Montipora capi-
tata sediment stress infection trials using (A) Vibrio coralli-
ilyticus OCNO008 (n = 12) and (B) V. owensii OCNO002 (n =
12). Closed shapes, solid lines: non-stressed (no sediment
loading) groups. Open shapes, dotted lines: stressed (sedi-
ment loading: 1000 m™2 d~! for 24 h) groups. Square shapes:
high dosage of MWS pathogen (108 CFU ml™). Triangle
shapes: medium dosage of MWS pathogen (10° CFU ml™).
Diamond shapes: low dosage of MWS pathogen (10* CFU
ml™). Circle shapes: no MWS pathogen, exposed to 0.2 um
filtered seawater (FSW) only
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to seawater only developed tissue loss over the
course of the experiment (Fig. 2B).

All tissue loss observed in infection trials using
OCNO008 inocula had a distinct lesion front that pro-
gressed rapidly, consistent with the pattern of tissue
loss originally established for OCNO008 (Ushijima et
al. 2014). All tissue loss observed in infection trials
using OCNO002 inocula presented as diffuse tissue
loss, some of which developed a progressive lesion
front, consistent with the pattern of tissue loss origi-
nally established for OCNO002 (Ushijima et al. 2012).

DISCUSSION

Short-term hyposalinity stress increased the sus-
ceptibility of Montipora capitata to infection by 2 coral
pathogens, Vibrio coralliilyticus strain OCNO008 and
V. owensii strain OCNO002. We show that reduced
salinity decreased the infectious dose of OCNO008 by 2
orders of magnitude (10° CFU ml~! compared with 108
CFU ml™). Although we found a significant difference
in OCNO0O02 infection rates for stressed and non-
stressed corals at the intermediate dose (1.1 x 10 CFU
ml~1), OCNO002 is capable of infecting M. capitata at a
concentration of 6.0 x 105 CFU ml™! under normal
salinity conditions (Ushijima et al. 2012). Therefore,
hyposalinity stress did not reduce the minimum infec-
tious dose for this pathogen. Reduced salinity did sig-
nificantly reduce the amount of time before onset of
OCNO02 infection at the high dose. In contrast, short-
term sediment stress did not affect the susceptibility
of M. capitata to infection by either of these 2 patho-
gens. Although several studies have found a correla-
tion between runoff or rain events and increased coral
disease prevalence or disease severity (Voss &
Richardson 2006a, Haapkyla et al. 2011, Pollock et al.
2014, Sheridan et al. 2014a), this is the first study to
test 2 aspects of runoff (reduced salinity and sediment
loading) on a coral's susceptibility to bacterial infec-
tion using manipulative experiments.

Environmental stress can increase the risk of
disease either through the reduction of host defenses
or the creation of a favorable environment for patho-
gen proliferation and invasion, or both. Because MWS
pathogens were not exposed to the stress conditions,
virulence is assumed to be similar between stressed
and non-stressed groups. Therefore, it is probable
that the effects of hyposalinity on host resistance were
responsible for the change in disease susceptibility
we found in M. capitata. Salinity stress could lower
coral resistance to bacterial infection in a number of
ways. First, cellular damage can occur during salinity

stress in corals. Corals are osmoconformers, rapidly
absorbing water to become iso-osmotic with their sur-
roundings (Rankin & Davenport 1981), which can
cause tissue swelling, tissue necrosis, and the induc-
tion of an oxidative-stress response that is visible with
histology in some species (Downs & Kramarsky-
Winter 2009). Hyposalinity can also disrupt symbiosis
with Symbiodinium (Muthiga & Szmant 1987, Coles &
Jokiel 1992, Kerswell & Jones 2003), leading to the
production of damaging reactive oxygen species that
begin apoptotic and/or necrotic pathways (Tchernov
et al. 2011). Damage at the cellular level from these
processes could have aided bacterial invasion of
tissues. Second, hyposalinity could impair immune
responses. Hemocyte function, phagocytosis, and/or
prophenyloxidase activity is reduced in other marine
invertebrates when exposed to reduced salinity
(Cheng et al. 2004, Wang et al. 2008, Li et al. 2010). To
date, no studies have investigated what aspects of
coral immunity are affected by hyposalinity. Finally,
hyposalinity could disrupt symbiosis with associated
microbial communities, considered the first line of de-
fense for corals (Shnit-Orland & Kushmaro 2009).
Dysbiosis of coral-associated microbial communities
occurs in response to many environmental stressors,
including hypersalinity (Vega Thurber et al. 2009,
Rothig et al. 2016), and microbial dysbiosis is
generally thought to increase disease susceptibility in
many marine animals, including corals (Egan & Gar-
diner 2016). Therefore, changes in microbial commu-
nities due to hyposalinity stress may have aided bac-
terial infection of M. capitata. Even though the corals
exposed to salinity stress appeared healthy macro-
scopically, we did not measure heat-shock proteins or
photoefficiency, indicators of stress to the coral host
and Symbiodinium, respectively (Abrego et al. 2008,
Seveso et al. 2013). Nor did we conduct any measure-
ments of immune response or microbial dysbiosis. Fu-
ture studies will be needed to address the mechanism
by which M. capitata susceptibility to MWS pathogens
increased with hyposalinity stress.

Increased disease susceptibility in response to
hyposalinity stress may help explain patterns of MWS
prevalence across Kaneohe Bay, which is roughly di-
vided into 3 sections (northern, central, and southern).
MWS is found within all 3 regions, but the southern
region displays a significantly higher MWS preva-
lence before and during outbreak conditions (Aeby et
al. 2010, 2016). Even though the greatest volume of
runoff enters the northern region, the southern region
experiences the greatest fluctuation in salinity during
rain events mostly due to decreased water circulation
(Bathen 1968). The freshwater layer formed during



Shore-Maggio et al.: Salinity and sedimentation influence on Vibrio infection 69

rain events can vary in salinity and depth depending
on several meteorological variables, including the
amount of rainfall, tidal flow, and wind direction
(Ringuet & Mackenzie 2005, Ostrander et al. 2008,
Drupp et al. 2011), and reductions in salinity at or be-
low 20 ppt are constrained to a depth of 1 m (Ringuet
& Mackenzie 2005, Ostrander et al. 2008). However,
the flats and reef crests of many patch and fringing
reefs in Kaneohe Bay are less than 1 m depth and can
be exposed to air during extreme spring tides (Bathen
1968). Therefore, shallow M. capitata colonies in Ka-
neohe Bay likely experience the level of hyposalinity
stress conducted in manipulative experiments.

Sedimentation can also interfere with coral health
in a variety of ways. Long-term, chronic sediment
loading is known to depress growth rates and re-
productive output in corals, highlighting the high
energy costs incurred for sediment removal (Rogers
1990). Kaneohe Bay is a shallow coastal embayment
with a history of sedimentation issues (Bahr et al.
2015b), but M. capitata is capable of quickly remov-
ing sediment (Te 2001), maintains high levels of
energy reserves compared with other abundant coral
species in Kaneohe Bay (Grottoli et al. 2006, Rod-
rigues & Grottoli 2007), and thus may be well
adapted to chronic sedimentation. We aimed to repli-
cate conditions that occur during heavy rain events
and address potential contributions of short-term
stress to disease development, as opposed to long-
term stress. Increases in mucus production and respi-
ration rates (concurrent with decreases in photo-
synthesis) during sediment removal (Abdel-Salam &
Porter 1988, Riegl & Branch 1995) and reductions in
lipid stores 24 h after sediment loading (Sheridan et
al. 2014b) suggest that corals also undergo high
energy expenditures in response to short-term sedi-
mentation stress. Sediments can physically abrade
coral tissues or create anoxic environments that
induce microbial dysbiosis (Woolfe & Larcombe 1999,
Weber et al. 2012). Therefore, we hypothesized that
energy reallocation for sediment removal, tissue
damage through physical processes, or changes in
microbial community structure may weaken coral
defenses. However, sediment stress did not influence
infection by OCNO008 or OCNO002. Therefore, the
amount of sediment applied or the short duration of
exposure in this study may not have constituted
enough of a stress to reduce coral defenses.

We did not see a decrease in host resistance in
response to short-term sedimentation stress, suggest-
ing that sediment loading during rain events may
contribute to disease dynamics in other ways rather
than through impairing coral health, depending on

the severity of sediment loading. In fact, sediment
loading can result in a short-term increase in some
aspects of coral immunity, including melanin produc-
tion and phenoloxidase activity (Sheridan et al.
2014b). However, reef sediments harbor a high abun-
dance of bacteria, which can include Vibrio species
(Rusch et al. 2009, Sheridan et al. 2014a). Thus, sedi-
ments could be delivering high doses of potential
pathogens to already stressed corals (via hyposalinity
or other conditions). Sediments used in this study
were sterilized prior to use; therefore, sediment did
not function as an abiotic vector of MWS pathogens
in this study. Future studies should investigate
whether sediments directly from watersheds already
harbor potential coral pathogens and address the
potential for sediment to transport coral pathogens
across reefs or transfer pathogens to coral surfaces.

Reduction in salinity and sedimentation occur
simultaneously during heavy rain events, and it is
reasonable that there could be synergistic effects.
For example, the reef coral Siderastrea radians can
effectively deal with sediment burial unless also
exposed to reduced salinity, which slowed sediment
removal rates (Lirman & Manzello 2009). We did not
test the combined effect of reduced salinity and sedi-
mentation on Vibrio infection in M. capitata. How-
ever, investigating the effects of single stressors sys-
tematically is an important first step to assess the
relative impact of various stressors and to help sub-
sequent studies put into context (additive, antagonis-
tic, or synergistic) the effect of combined stressors.

Runoff includes other factors that were not investi-
gated here, including organic nutrients, pollutants,
and subsequent phyto- and zooplankton blooms. In
addition, temperature is an important driver in many
coral disease systems (Miller & Richardson 2014).
Past prevalence of MWS (2006-2007) was not affec-
ted by season (Aeby et al. 2010); however, recent
studies suggest that increased temperature or that
a mild winter condition is a good predictor of MWS
prevalence (Williams et al. 2010, Caldwell et al.
2016). All of these factors, individually or in combina-
tion, could dampen coral defenses or may have dif-
ferent roles in the disease process and will need to be
considered in future investigations.

Surface ocean salinity has been decreasing in many
nearshore areas (Antonov 2002) and the incidence of
intense tropical storms is expected to increase due to
anthropogenic climate change (Knutson et al. 2010).
In addition, urban development, which increases the
volume and intensity of runoff, continues to expand in
coastal regions (McGranahan & Balk 2007, Smith
2011). The combination of these anthropogenic effects
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will further increase the likelihood of abrupt salinity
decreases due to heavy rain events, potentially in-
creasing susceptibility to coral diseases. Fortunately,
management of runoff is a feasible option to increase
coral reef health and resilience to future climate
change impacts (Bellwood et al. 2004).
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