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1. Benthic cover

Benthic covemwascompared betweehe rubble, pavement, restoration and reference sites
with planar photographs of permanent quadrats. Benthic coveguaasifiedusing manual
classification in CoralNet softwa(8eijbom et al. 2012)Classification categories included
crustose coralline algae (CCA), coral, cyanobactdfibepora spp. hydrocoral, macroalgae,
octocoral, other, bare ssipate, sponges, and turf alg®ercetagevaluesper quadrat were
adjusted to exclude points landing on survey hardvi@ephotos were analyzed; however,
photographs from 2009 and 2011 were not included due to lack of representation at all survey
sites

Throughout the study, rubble domiedtthe cover of substrate at the rubble site, and
consolidated substrate dominated at all other sites (FAj). Surf algae dominated biological
cover at alksitesand yearsalthough some annual variability was evident (reference site: 56.9
67.4%;restoration site: 57.481.6%; pavement sit&2.1%- 99%; 83.9 91.5%;Fig. S1B) The
referencesite had considerably higher macroalgal co{@®b - 26.9%; restoration site: 0.95
8.6%; pavement: 0.32.2%; rubble site: ©1.65%; Fig. S1B)Cyanobacerial mats were present
at the pavement and restoration site20t2 and 2013, and highast2012 at the pavement site

(6.2%; Fig. S1B)Octocoral cover wakighest2.7 - 19.96 atthe reference site, followed by the



restoration site (5.716.5%) pavemat site (0.2 6.1%), andrubble site (G 2.9%), slightly
higherthan scleractinian coral cover in the referef@8- 10.3%),restoration 8.3- 4.3%),
pavement (G 1.6%), and rubble sitsH0 - 0.2%6; Fig. S1B) althoughcover measurement of

octocorals is impreciseith a planar approaadhsing photographs
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Fic. S1A Mean cover (%) and standard error of substrate type for each sample level. No bar
indicates zero cover. Years 2009 and 2011 are not included due to lack of field survey

photographs at all levels.
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Fic. S1B. Mean cover (%) and standard error of benttower for each sample level. No bar
indicates zero cover. Years 2009 and 2011 are not included due to lack of field survey
photographs at all levels.



2. Temperature comparison

Nearbottomwatertemperatures (0.5 m above substrate) were measungobée and
pavemensites during the intensiveceanographic measurement period (13 Juhé July 2014)
using high precision thermistors (Seabird SBH. Near bottonmeantemperatures at the
pavement site were 28.80 + 0.22 jC and at the rubble site28&5@ + 0.22 ;C, although the

distribution of pavement site temperatures was skewed toward higher temperatur@. (Fig S

Site

R |:| pavement
- |:| rubble
G 151
e
[@)
©
2
= 1.0 1
©
o
e
Q05+

0.01

28.0 285 29.0 205
Temperature (°C)

Fic. S2. Distribution of nearbottom water temperatures from thermist¢8BE56, Seabird

Electronics)deployed at the rubble and pavement sites.

3. Wave model calibration and comparisons with field data

A systematic set okavemodelsimulationswasconducted to test the sensitivity of model
output to the model parameters bmttom roughnessk(, ; value range tested: 0.01), as used
in Madsen et al(1988) and the wave breaking coefficient (; value range tested: 0:8) based

on the bore model of Battjes and Jang4&78) We also testediave modekensitivity to
inclusion of tidal forcing in the open boundary conditions, and inclusion of whitecagibaugs

based on Komen et 4lL984) Based on comparison with the field measurements,gtimal



wavemodel parameters were found to he= 0.2 andy, = 0.6875Modeloutput at the three
study sites was sensitive to the choiceattom roughnessut was relativelynsensitive toy, ,

not unsurprising given the relatively deep water degthiose sitedut also suggestinat
breaking in other parts of model domain did not have a large effect on wave conditions at the
three study sites. Application of tinvarying water level increased overall model skill at each
site by a negligible amount; however, tidal variation watsimcluded in the final model hindcast

runs because these forcing data were not available duridgye hindcast period.

4. Derivation of equations for rubble motion from external forces

We modeled the potential mobility of unconsolidated rulabtkin the disturbed arsaising
a mechanistic approach to estimate hydrodynamic forces required to initiate rubble motion. This
approach has been well developed in the literature to hindcast hydrodynamic forcing required to

mobilize boulders durinfargewave eventgNandasena et al. 201Here, a clast is
approximated by an idealized cuboid (definedabyp-, c-axes)that is acted upon by gravity(
), normal , ), lift ( F,), friction (F, ), drag (), and inertial ¢,) forceswhereF, = uF, and u

is the coefficient of static frictio(Fig. 3) Hydrodynamic forcing exceeding a critical threshold

can initiate rubble clast motion by sliding or overning. Sliding occurs when

Fp(t)+F,()) > u| F,—F,(1)] (1)
At the initiation of sliding, the forces on the left and rhnid side of Eq. (1) are equBbrces
that are functions of velocityH,,, F,, and F,) vary with time ¢) over a wave periodsrouping
together terms that are quadratic in velogityes

[F, () +1F, (1)]+ F,(t)— uF, =0 )



The quadratic and lift forces due to waves are in phase witholaehhowever they are both

90; out of phase with the inertial force. To estimate when rubble are mobileeake interested

in when the total timearying forces are maximun¥y ). Following the derivation of Dean and

Dalrymple(1991) but extending it to include the lift for¢2) can be rpresented as

2

F. +ufF + Lm —uF =0 3
o R ruF ) ¥
wherethe maximum drag force is,
1 2
FD,m = EprDADUm (4)
the maximum lift force is,
1 2
FL,m = E '/ WCLALUm (5)
the maximum inertial force is,

wherew=27x /T is the wave frequen¢yl is the wave periodgnd V is the rubble volumey,,
C,, C,,andC,, aredimensionless coefficiesbf static friction,drag,lift, and mass
respectively.4, is the crossectional area of a rubble clast perpendicular to thedlw/, is
the area of aubble clast parallel to the flowhe buoyant weight is,

F,=ApVg (7
whereAp=p_ —p._, p, is the density of seawater (1023 kg)mp, is rubble densityand g is

acceleration due to grayit
The water elocity can be decomposed intro contributions from current and W@vast &

Madsen 1979)



U,=U.+U, 8
Here we consider the case where currents are assumed to be ceimstaoctirent datare
limited to the duration of thehorttermfield deployment), but waves vary with timgr{cewave
hindcast data spahyears),

U,(0)=U,+U,(1) )
Substituting the above expressions for the forces 8)t@afid noting that the currents do not

contribute to the inertial force

%prDAD (Uc +Uw)2 +ﬂ%pWCLAL (Uc +Uw)2
C, VU, @)’ (10)
T (P.Co : ) = — HAPVg =0
4|:§pWCDAD(Uc +Uw) +ﬂ§prLAL (Uc +UW) ]

We solve forU , the threshold wave orbital velocity for rubble slidinty;aéher variables have
known values. To simplify notation, let
a=(p,Crd,+up,C,4,) (11

(p.CyV @)

= (12
p w CD AD + /Llp w CL AL

c==2ulpVg (13

d=U, (14)
Sothat

a(d+U ) +bU’)+c(d+U,)* =0 (15

Expanding out polynomialsnd collecting like order termyeldsa 4™ order polynomial equation
(@)U +(4ad)U. +(6ad’ +b+c)U: +(4ad’ +2cd)U,, +(ad* +cd*) =0 (16
that wesolved numericallyand retaine@nly physically realisticdoots(i.e., positivereal

numbers.



As an aside, note that ftive case of no background mean curi@nt=0), equation 16)

reduces to

,uA’OVg—{ (CyV o) }CMVa)

2(C A, +uC, A
U = P (Cpd, +uC 4)) 17)

1
5 (CDAD + II'ZCLAL)

Equation 7) is similar toBuckley et al(2012)0s equationf6ér the threshold velocity of rubble
motion but with the addition of the term grey, which represents a coefficient that accounts for
the phasing required for the combined drag, lift, and inertial forces to be max8mapiifying

(17) slightly givesanexpression representing the threshold wagdocity for rubble sliding,

2y Py GV
Uu.. — pw (CDAD +1LlCLAL) (18)
(Cody +HCL4,)

If F, >2(F,+F,), then the total force is dominated by the inertial foacel(3) is replaced with

the following equationgDean and Dalrymple 1991)

Fom = HF, (19
C,VU,./ su# Vg (20)
/
u, =9 (21)
C,”

And so for cases wherg >2(F, +F))

X
(@)

(22)
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Next we examine the case of rubble motion due to overturfing) the freebody diagram
(Fig 3), rubble overturning occurs whéme sum of the overturning moments exceed the
restoring moment

Fpl, +Fl, +Fl, >F], (23
where he moment arm for the drag and inertial forcesaaseimed to be tteame (half the
rubble height),

I, =1, =, /21, (29
and he moment arm for the lift and gravitational forcesas®umed to bie same (half the
rubble width)

=1y =1, /211, (25
Substituting 24) and @5) into (23) and grouping terms

(Fo +F)I, +(F Y FE =0 (26)
As in the derivation above for sliding, we are interested in-tiarging overturning moments
and sahe internal forcenust be modifiedo account for relative phasing with drag and lift
forces Following Dean andalrymple (1991)

FZ
F=——"— (27)
4( I:D,m + I:L, m)

Substituting(27) andexpressions for drag, lift, inertial and gravitational foricgs (26) and

simplifying gives

(PICEAL +PICCAAL+PIG G A AL+piC L) U,

22\ /2 .2 (28)
+(piCiVia’l, - 2p,Co AAPVEl, - 20, C AAp Vg,) U= 0

Then the overturning equation has the general guartit whereor and # are nonrintegers



U+ U2 =0 (29)

whichwas solved numerically fdd _, andonly physically realistic rostretained.

5. Quantification of rubble morphology and sensitivity analyses

Rubble morphologyvas quantifiedo make force estimates in the rubble disturbance area by
measuring surface area and buoyant weight from a random selection of rubbleotiestsd
from the rubble site in 2018nd 2014. Projected areas of individual clasts 102) were
measured along three dimensioasixis (top, length)b-axis (side, width) and-axis (end,
height) using orthogonal digital images and image analysis softimaageJ; Rasband 1997; Fig

S3). Area normal to flow {,)) was considered to be along traxis; area perpendicular to flow
( A ) was considered to be along the plane obthand c-axes. Rubble volume/() was

calculated as the productaf, b-, andc-axis lengths, where due to the irregular rubble shapes,
each axis length was approximated as the square root of the correspondiagcharéée(ghts

for dry and submerged rubble were measured using a digital force sensor (Vernier, Beaverton,
OR), and buoyant weight was then calculated followlokjel et al(1978) In the general case,

we use the median values of the range of measuretoetiésermine effects of rubble properties

) using(18) and(29).

on threshold bottoraelocities for overturningy, ) and sliding @

ver slide

Sensitivity analyses were conducteith rubblepropertyquantiles (5, 10, 25, 50, 75, 95%0m
thedistributionof each measureme(iig S4). The smallest size class, at 5% rubble quartile,

typically produced NA mobilization values.

10



25 50 75
Area (cm?)

o
o
&

A
vy}

Probability density
o o
2 =8

o —
T T T f

100 200 300 400 500
Volume (cm®)

°
o
s}

ity

0.006 1 C

0.004 1
FiG. S3 Measuredrubble A area,

0.002+ B) volume, andC) density. InA)
rubble areaperpendicular to flow
(A,) is dark grey, and rubble area
normal to the flow (4,) is light grey.

Probability dens

0.000 T T T T
1100 1200 1300 1400

Density (kg m’3)

11



In an expanse of reef rubble, proximity of multiple clasts likely impacts hydrodynamic forces
affecting any given clast, due to enhanced friction frot@rlocking or by reduced area exposed
to flow due to sheltering from adjacent objects. We addressed this by including a blocking term
that accounts for reduction Ay, following Storlazzi et a(2005) This term has a value from 0
1, corresponding to flow totally blocked to no blockagk applied a value of 0.%ith

recognition that a wide array of conditions is likely to exist in. Sensitivity analyses show

little variability with a blockage value rangg®@m 01 to 0.9 (Fig. S4).
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Summary statistics of rubble clast dimensions showed variability primarily in size and
volume; sensitivity studies showed that the minimum bottom orbital velocity required to
mobilize rubble was influenced by rubble size and exposure to flow (FigD&#g). lift, inertia

and frictioral forcesestimated at each site were not significantly different between sites (Fig.

S5), although the data suggest that the pavement sites had slightly higher forcing.
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Fic. S5 Drag Fd), lift (F), intertial )
and frictional E¢) forces estimated at the
rubble and pavement sites, as calculated
from mean rubble statistics and wave
model output from 2010 2014. The box
plot components are: solid line, median;
box, interquartile range (IR); whiskers,
most extrera point less than 1.5 times the
IR from the median.
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