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ABSTRACT

Coral reef restoration is a fast-growing area of research in many parts of the world. How-
ever, coral propagation and reef restoration in the eastern tropical Pacific (ETP) have been
very limited (Guzman 1991; Lifian-Cabello et al. 2010; Tortolero-Langarica et al. 2014; Nava
and Figueroa-Camacho 2017; Lizcano-Sandova et al. 2018; Tortolero-Langarica et al. 2019).
Compared to other reefs worldwide, the ETP is a region with low coral biodiversity and less-
developed reef frameworks (Lépez-Pérez 2017). However, the coral reefs here persist in an
environment characterized by wide fluctuations in temperature, pH, and salinity. Reefs in
the Golfo Dulce of Costa Rica appear to be particularly resilient. During the 2016 warming
event, almost all corals in Golfo Dulce were severely bleached for three to four months, but
most survived. It is unclear whether the reasons for this are biological (corals conditioned
to withstand extremes, high food availability) or physical (nutrients, mixing). For whatever
reason, the resilience of these corals is a sound reason for developing techniques for their
Propagation and outplanting. We describe here the results from the first three years of coral
Propagation in an underwater nursery in Golfo Dulce and pilot outplanting at several sites on
Golfo Dulce reefs. We also provide a summary of what was learned about reef propagation
and restoration techniques for the major ETP corals, as well as some unanticipated chal-
lenges of reef restoration in general.

INTRODUCTION

EaSternTropical Pacific

Coral reef ecosystems of the ETP extend from the Gulf of California to Ecuador, including the
OCeanic islands of Revill agigedo, Clipperton, Cocos, Malpelq, .and .Galé.pagos. The recent and
Comprehensive book Coral Reefs of the Eastern Tropical Pacific edited by Peter Glynn, Derek
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ochs (2017a) provides extensive background on these reefs, ang e
§

Manzello, and Ian En particularly those that ar, reley

marize some of the Glynn et al. (2017b) points here,

current-day restoration efforts. . . |
Oceanozg’raphic conditions along the ETP coast are driven by local winds (mchlding

seasonal gap winds), eddies, and interaction w1th the easIt_;rrIl: 'b(oiimdarc)ll Curr,ents. Surface atey

are typically warm and have relatively low salinity and pH ( 11e ir and Lavin 2017, Glynp ¢ als
2017b). Regions of seasonal upwelling can bring m1.1ch COOISE, JoW PH_ ‘:Vaters to the surface.
such that many corals along the ETP are exposed to highly variable Condltu?ns and high Fateg 0}
bioerosion (Alvarado et al. 2017). The ETP is strongly affected by the El Nifio Southery, Osci.
lation (ENSO), and warm ENSO events have caused widespread mor.tahty of ETP corgg in the
years 1982-1983 and 1997-1998, which caused massive cc?ral bleaching and mortality (Cory,
et al. 1984; Glynn 1984; Jiménez 2001), and most recently in 2016 (Alvarado et al, 2020),

ETP reefs are isolated from most other Pacific reef regions by the Eastern Pacific Barrier,
a vast expanse of ocean separating the Central and Eastern Pacific, across which few dispers.
ing larvae can survive. Only 47 species of scleractinian corals have been identified in the ETp
(Cortés et al. 2017), compared to about 72 species in Hawaii, and more than 600 in the Coral
Triangle (Veron et al. 2015). The main coral genera of the ETP are Pocillopora, Porites, Pavong,
and Gardineroseris (Glynn et al. 2017b).

The isolation has resulted in a shift in life-history strategies of ETP coral species from those
of their western Pacific counterparts, favoring autotrophic larvae that can travel long distances
(Baird et al. 2009). In the western Pacific, Pocillopora damicornis is usually a monthly brooder,
but in the ETP it appears to be a monthly broadcaster. Similarly, while species within the gen-
era Porites and Pavona normally spawn annually, in the ETP they appear to spawn over several
months (Glynn et al. 2017c). This shift in spawning strategies likely reflects natural selection
within a patchy geographic distribution of reefs and an environment with frequent distur-
bances (Glynn et al. 2017c).

Regardless of the rather harsh environment and low coral diversity of ETP reefs, there ar¢
many reasons to study their capacity for reef restoration. First, these reefs and coral communi-
ties support high-marine biodiversity (Cortés 1997; Cortés et al. 2017) and thus are essential in
the life support of the tropical marine ecosystems here. Second, the corals appear to be resilient
they have demonstrated an ability to survive months of severe bleaching and an ability to recover
(in terms of coral cover) following bleaching events, despite the low rates of coral recruitment
(Glynn. et al: 2017c). Third, the relative ecological simplicity of these systems, at least in terms of
coral d1ve.rs.1ty, allows one to more easily understand the response of the system to restoratio™

In addltIOI.’l, for the Costa Rican Pacific, the additive impacts of pollution, invasive SP"'C:S;
etc., .are relatlyely low. ¥n Costa Rica, marine conservation is gaining attention similar to t :t
:‘(E’Pl:z?eg: 21::;: ati;ireStr ial eI;ViI‘ onmints; e.g.,. the recent decree by the Costa R.ical? g'o"’zjgior
theprecove o caln cora reefs”— Promot.lon of restoration and conservation init1d This

fy of coral ecosystems” (Excecutive decree N°41774-MINAE, June 6, 2019)- p
case stu'dy describes findings from the first three years of a coral propagation and outplan
project in Golfo Dulce, a small embayment of the Costa Rican Pacific (Cortés 2016).

Um.
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Study Site

The Golfo Dulce is a deep basin with a shallo
narrow shelf (Hebbeln and Cortés 2001; Cort
communities (Figure 16.1). The main impac

. allow
W sill at the entrance and is rimmed by 2 3121 cord
és 2016) that supports several coral reefs2 jand
ts on these reefs are sedimentation from
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Figure 16.1 Coral reefs and coral communities in Golfo Dulce, South Pacific coast of Costa Rica.
This figure is modified from Cortés (1990). Numbered locations show areas with coral reefs and
coral communities. The underwater nursery is located near Punta El Bajo (Nicuesa).

warm water events. While the threat of sedimentation has decreased due to improved land-use
practices, the threat of climate change continues to increase. In fact, the start of the restoration
effort was delayed for many months because of severe bleaching f’f Golfo D}11ce c‘orals between
February and May of 2016. Several potential outplanting locations were identified based on
previous studies by Jorge Cortés and Juan José Alvarado, whose combined body of work on
Golfo Dulce corals and reefs document their historical development as well as r,ecent cycles <’)f
degradation/recovery (Cortés and Murillo 1985; Cortés 1990; Cortés 1991; Cortés 1992; Cortés
¢tal. 2010; Alvarado et al. 2015). _ _ _
In September 2016 a pilot coral restoration project was installed in Golfotgl:lk:;, f:zt[a,llz:t
WVillalobos-Cubero 2019). The goal of the project was t© iy p?cli):gaPorites lobata and
ing techniques of fragments obtained from the most common sp (t;entatively gt
' @vermanni; Pavona gigantea and P frondiferd: and poczllzpofﬂv:g: also propagated on an
B damicornis and P. edouxi). Specimens of Psamﬂocg‘f;e pf:pagation Tt
- perimental basis, but were not a targe’ il der\I/)vater nursery initially consisted
it hursery located near 8°39.3'N, 83°16.3'W. The un

.+ored for growth in relation to
S fee structures in which fragments were closely W0 and t(iemperature. During
ollentation, initjal fragment size, position

(depth) within the tree ] tree structures and two
itional tr

¢ third year the nursery was expanded to include four addition

e structyres,
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p METHODS
eam received training at the Mote Maripe La
chniques, and adapted the coral tree techor.at"fy \
dely used in the Caribbean (Schopme}'er eque @
P coral species. Construction of rope structures followed tp, ﬁfcl Ay
_Each structure was placed approximately 3-5 from the r‘Ptiqn
gle tree held approximately 1'50 Pavona and Porige fr Sutfy
re had a capacity of 200 Pocilloporg fragmeni:ts o

TECHNIQUES AN

Several members of the restorationt ':) o
coral propagation and reef restoratior Wi
scribed by Nedimyer et al. (2011) that is
for propagation of ET
in Frias-Torres et al. (2018).
in waters 8-12 m deep. A smh -
' ts. Each rope § '
T ware d af:)ross several different reefs in Golfo Dulce anq M

identifie
O e iled into adjacent hard substrate. Photographs, date ofsamafked

with a numbered plastic tag nai '
depth, and GPS cgordinates of each donor were recorded. Samples of Porites ang Pay,

obtained with hammer and chisel, and samples of Pocillopora were obtained by breakip &
branches from the colony. Less than 10% of a colony w§s taken from each donor, anf ;{ew
possible, fragments of opportunity were obtained, assuming they were derived from the e A
est colony. _ .
Pocillopora samples were further fragmented to approximately 2-4 cm long brangy
and each labeled fragment was suspended in the tree structure with monofilament (Fi fs,
16.2(a)). A few fragments were first glued onto ceramic discs, which were then suspended ﬁ,luf;

Te

Figure 162 (3) Tre
Lo e struct )
Pranehing corals; and () Qrov:/jtre for growing branching corals; (b) rope structure

h of Poci
ocillopora fragment over polypropylene line.

for groWi
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noﬁlament’ but this step was deemed unneces
0

oWt 6.2(b), (c)). The project first tested naturg
el l

S ﬁber r . "
Figur e -y Ope, such as hemp and manila (%

.fel;, put these disintegr atede1th1n three months, 5o a]] lines were replaced wlith nylon or pél;-

lene rope. Fragments of the same donor were Segregated by rope, so that a single donor

Was required for each rope. Regardless of the method, a] :
lal;e: N in one to two months all fragments overgrew the line or
10

porites and Pavona samples were micro-fra

giamond blade, and each mlFro-fragment Was attached to a ceramic disk with thick super

jue. These were then. place.d in small egg-crate trays that were suspended in the tree nursery
with monofilament line (Figure 16.3(a)). All ceramic disks were labeled and recorded ac-
cording to donor. Most coral t.'ragments had grown over the exposed skeleton of the micro-
fragments and onto the ceramic disc within one to two months, Early deployments of Porites
and Pavona experienced heavy mortality caused by triggerfish bites (Balistes polylepis). Plas-
ticmesh grid (1x1 cm squares) was placed over coral trays to eliminate fish predation (Figure
16.3(b)). While these grids resolved the fish bite problem and increased survivorship, they
also became overgrown with algae and other fouling organisms, requiring frequent cleaning
(Figure 16.3(c))-

gmented using a Gryphon Aquasaw with a

@

- i ic disks
H0Ue 16.3 (o) Tree struoture for growing massive °9rals;c§b) )egr%ﬁﬁtsftﬁiﬂ?«iﬁ?& afer
8ldi”9 Porites fragments and protected with plastic grid; and (¢)9

10 monthg.
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MONITORING

Several nursery structures Were 1
set to record the temperature every
at each outplant site. The data docum

itted with HOBO® Water Temp Pro v2 data loggers
0 or 15 minutes. The same type of sengoy e alsh t“Vere

ented similar temperature fluctuations aCross q)) s'p dogg
) vl i
though deeper sites were slightly cooler than shallower sites. Of note in this region g, .4,

of strong temperature fluctuations 'that coincide Klttllllatl‘lceoﬁfraﬁ) lclytf:let(()Ftl}glur; 16:4); the ep::: )
appear to reflect cool water intrusions at a'dept ot o e formatioy \ Shms
low thermocline. Because the sensors remain at a fixe heve 1s relative to the bottg "
vertical rise and fall of the thermocline are reflected in the temperature record, p,

.o, ¢
ring po.: he
with a strong thermocline, the nursery cora

Is experience twice-daily temperatyye ﬂuctzeno
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of up to 9°C.
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jeretal 2012), in which the area of the f;
Figure 16.5(a)). Branching coral growth

esteds including wet weight, volume disp

: rement of coral heigh .
and direct measu : 1g8ht and width ,
ments Pro‘"d,ed . Val“al?le information regarding both tg’rslh:‘tographs of Ractllopora frag:
s quantlﬁable as taking three- dimensional 1 1ze and health, but they were

: €asurements (Figure 1
dimenslonal measurements were converted to corg] volume follovf'ing‘ihee t:cfl(nblL)US jllee tll'l:eci
SCribe

Salinas-Akhmadeeva (2018), and was copgsi ;
l;zpied bythe coral nsidered representative of the ecological space oc-

Growth and mortality of fragments in the ny

fragments had very low mortality, and grew to outplantable size within 8-12 months. Pavona

fragments also had very 1‘_)W m.ortalit.y (5%), and within 6-10 months, often grew rapidly over
and beyond the ceramic disks, including over fouling organisms such as barnacles and serpulid
worms. In contrast, fragments of the most

: common species in Golfo Dulce, Porites spp., had
high mortality ra.tes (average 70%), even when grids were used to eliminate B. polyle;if bites.
The high mortality was suspected to be a problem associated with the very small polyps of

Porites, which decreased their ability to compete with rapidly growing fouling organisms. This
species was also commonly used by invertebrates as a substrate for laying their eggs. Porites spp.
grown in a land-based aquarium facility by one of us (Marin Moraga) with highly filtered water
experienced very low mortality rates, which is evidence that fouling organisms have a negative
impact on fragment propagation in this species. Porites fragments of opportunity that were
placed directly on dead coral surfaces at Punta Adela reef in Golfo Dulce, particularly those
protected with plastic grid, also had low mortality rates, perhaps because the grid allowed small
grazing fish into the mesh enclosures.

rsery varied greatly with species. Pocillopora

(b)

Height

Width 2

B8 width 1

[ [ lored
ime using ImageJ software. Soh‘d co
ov::titclzrt:‘lar month/year; black dashed ]me shows
i nts of the branching coral Pocillopora sp.

'i:ri]QUre 16.5 (a) Example of area determin?tfigpa
®S correspond to growth edge of fragmen
*Utline of ceramic digk. (b) Three-dimensional measureme
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ines began once the corals had grown to a sufficient s1ze—.ab0ut 6o
forll‘f;::nl;t?:gtll’ggites fnd about 8-12 months for Poczllop?:al::c;:;t outplantings ey, ﬁrs(t)nte
formed on the same reefs as the original donors, then Jvntﬁnlfot A oz a1 year or more , eValua:
the outplanting method as well as the health and %rc;l of the gu 1i).ants. Payong apg Por,-te
fragments were outplanted by inserting the stem of the ceramic disk into a hole thy had eees
drilled into the substrate (following the protocol of the Mote Marine Laboratory 1

' . : -
epoxy (AquaMend®) was used to hold the fragment in place if the stem did not fit snugy ;::r
the hole. The coral fragments were typica

lly outplanted in clusters of 10 or more from the . 0

donor to evaluate the fusion process between the fragments (Figure 16.6).. OCCaSiOnally, .,
ments were planted randomly and alongside small fragments of opportunity that were epori
directly to a bare coral substrate on the reef. . ‘ o

Pocillopora fragments were initially outplanted using the r?azl—and-zzp'-tze technique; upge,
water epoxy was occasionally used to stabilize unstable colonies. For Pocillopora grown iy rope
nurseries, the entire rope was transported to the outplant site and tacked to the substrate Using

Figure 16.6 (a) Payong [4

- igant
gigantea outplants on July9298, 28?8°Utplants at Punta Gallardo, June 27, 2017; (

p) The "

Yy
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e staples tO secure the rope to the substrate (
felnntings were performed at five locations: Pun
e~ nd Séndalo Reef. Between three and 10

Le., U-shaped, double-pointed nails). Test out-
ta Gallardo, Punta Adela, Punta Islotes, Punta

colonies were outp] i i
) coon planted in small clusters with
pacing of 10 cm to 1 m. Recent outplantings with higher numbers of corals have focused on

the Punta ;slotes anzl: Pbunta Bejuco reefs. Initial survival rates of Pavona outplants were low
(~53%) (Villalobos-Cubero 2019) and reflect almost total mortality of outplants on crystal-
Jine versus carbonate rock surfaces at Punta Gallardo; mortality rates decreased with later
outplants on old reef ststrate at Punta Islotes and Punta Bejuco (Table 16.1). Most Pavona
outplants extended thellr grothh over the substrate within a few months, and many were fused
with neighboring colon1e§ within one year. The initial Porites outplants had a low survival rate
(41-64%; Table 16.1), which appeared to be due to algal gardening by damselfish that smoth-
ered the outplants. Placing grids over the coral outplants for 6-12 months greatly reduced
this mortality (Figure 16.7(a)). Porites outplants also fused if they were from the same donor,
put outplants from different donors were obvious by a distinct line of competition between
abutting colonies (Figure 16.7(b)). Survival rates of Pocillopora outplants improved from 65%
to more than 90%, probably because of better outplanting techniques that prevented colo-
nies from becoming dislodged from the surface. Pocillopora grew rapidly over the zip ties but
often required several months to grow solidly over the substrate and appeared to fuse with
the substrate more rapidly when epoxy was used (Figure 16.8(a), (b)). Outplanting rope seg-
ments with multiple coral colonies (Figure 16.8(c)) proved to be a more efficient outplanting

BequO)

Table 16.1 Percentage of outplant survival for the first three years of the Golfo Dulce Project.
Outplant sites are listed from left to right in order of dates of the first outplantings. Note: Punta
Bejuco is located about halfway between Punta Estrella and Islotes

| Species Punta Gallardo Punta Adela Islotes Punta Bejuco
Porites spp. 64 41 100
Pavona gigantea 53 67 100
Pocillopora spp. 65 100 95

nta Adela reef, June 30, 2017. (b) some of the
s removed in January 2018). Note
ts from different donors were outplanted

plants at Pu

FiSUr
8 €16.7 (q) Caged Porites spp. out 15, 2019 (the cage Wa

Me 2
the b Porites spp. fragments, October

Adja OUndary between two lower colonies wheré fragmen
Cent to €ach other.
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Figure 16.8 (a) Pocillopora colony (P4) outplanted on May 5, 2018, using nail and zip tie, a’,l‘:,i;;/op o
two fragments from the colony epoxied to substrate. (b) P4 on October 15, 2018. (c) tapiing
colonies (Donor 12) from the rope structures outplanted on December 11, 2019, by $
rope to the substrate and stabilizing colonies with epoxy when necessary.

¢
method, but this recent]

. ding

Y employed technique will require further evaluation fefﬁz old r¢¢

impact on survival rates of the colonies. The shallowest Pocillopora outplants 0fl ™% 0
flat of Punta Bejuco (1.6-2 m 4

; tality
epth) experienced more paling, bleaching, and mor
Pocillopora outplanted in waters 3-8 m depth. of (P07
Based on genetic analyses of 21 samples from Porites colonies on a shallow local ¢ on®
Adela) and five fragments i

r
in the cora] nursery, the Porites colonies in Golfo Dulce are'P sstudy
nantly P evermanni, The Punta Adela samp]
at a nearby reef in Go

viou
ing followed the methodology for 2 P"¢%, st
fo Dulce (Boulay et a], 2014), which showed a 1:2 rati
to P. evermanni. In co ’

a
reeﬁ
Dtrast, only one of the colonies from the shallower Punta Adela

4
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¢ of the nursery corals, was P. lobatg, §

. am .
n0%® ic diversity, however, with 18 geno pled colonieg

of P evermanni displayed good

genot}’Pl types represented among the samples
oMMUN ITY INVOLVEMENT
OO DCITIZENSCIENCE O UNVEERS,

fducating and engaging local communities aboyt coral ree
beginning of the operation. Research to understand how

d perceive Golfo Dulce reefs was begun sev ;
qursery (Villalobos-Cubero 2019). Thge result: rrilvzcl):c;l:st;efor;tf}fle estabh.shment of the coral
T vl recfs between fishermen, people working in tourism nagn dl erencesfln perception about
confirmed a high frequency in visitation to coral reefs anci com?r?;;irtei:s Psetrlf. Intf;v lewﬁs
for snorkeling. Their perceptions were that sedimentation and agrochemicalmoll etgu ere hy
main factors affecting corals in the area. About two-thirds of the intervi ittt o e
: _ e interviewees considered the
lack of ‘mf?rmatlon‘ as a strong obstacle for conservation and management initiatives, and
the project’s wor.k within these loc'al communities has proceeded to close that gap through sci-
entific and public talks, presentations in schools, and participation in coastal clean-up events.
All interviewees acknowledged the value of coral reefs and the need to protect them, but they
did not support the formation of new marine protected areas or restrictions to the use of these
ecosystems. The project also collaborated with a local non-governmental organization (NGO)
and an ecolodge to train six persons from nearby communities in open-water diving and safe
coral gardening and monitoring; these trainees participate regularly in restoration activities, as
permitted by space on the boat.

The project has received hundreds of unsolicited requests to volunteer or intern, and many
such requests are from local communities. The project is dedicated to creating ways to include
stronger participation with volunteers and interns; however, the remoteness of the Golfo Dulce,
the lack of local diver support, and the cost of boat rentals have so far postponed the implemen-
tation of a safe and affordable volunteer/intern program. The project has also formed the basis
for several undergraduate and graduate research projects to evaluate propagatifJn and Outplan.t-
ing techniques—and to follow changes in community structure, immunological responses in

corals, and techniques for tracking coral growth.

f restoration was a priority from the
persons from local communities use

DISCUSSION

The Golfo Dulce restoration project is the fi

ursery as a tool to accelerate cor al propagation . reswratl:i) to serve as an example for other
4Vision to restore reefs in a scientifically supported way an

%ral restoration projects in the ETE: The project is guided by th; four;{)lm}:lliiltzsr i‘?:‘(ﬁ?:i‘g

e ration outlned in Suding et 2 (2015) and 000 7 0 be:llllal (1)12;‘11: ]ocz}:l communities, and

tu;e forecasts, (2) ensure ecological integritys (32 :Snft?lgleeizluateing the long-term stability of

€ sustain, long term. The projec : i +oration sites,

"estoration, e abl;::lf;nth;cru?tment of corals and other marllne -Orgstl‘l ;Zgzasnact:;::l Z;tcl:ies were
ut overall’t};g;)roject hga ¢ been successful- A total of 1,500 colonies

d are being moni-
t 300 weré outplanted and are
Propagated in the Golfo Dulce nursery an a::;gorals e ey L

0 i . . .
1:;(8)3. czlszlcux}e]?lt St}?ndmg sliczii(rr?;eli;oizgsmau’ the project has tested multiple techniques in
S. e the overa

valuation of an underwater coral

rst large-scale e
7 nin the ETP. It was founded with
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ion and outplanting, and has seta baseli.ne for continued researct, 5
both propagation a ul restoration.
. : inciples of successiu
while adhermgl tct) aﬂ]l]ecl:):-larllcslgecies except Porites were easy to propagate and o
We fouge e; on ceramic disks, and Pocillopora grew equally well In tree an
'SI?lfaelfogilc.:?;;vstructure is a balance between efficiency (l;ne nurseries are m,
°c i ts).
i ts for experimen
h (ease of moving coral fragmen - : 5
reSgl:; oE’ the biggest successes of the project so far is th?;:1 ?Ef}ht);tt? Pffolzlagat; more thay , thoy,
: : ies that had become difficult to find in the Naturg] ¢
sand colonies of Pocillopora, a speC}es ki i . :  th iy
ment of the gulf. Our goal with this species 1s to re-establish a self- sustaining anq geneticauy
diverse population in Golfo Dulce.

nd scaling :

Utplant, p,, |
08t efficiep) a:i |

Voha

CONCLUSION

Adhering to the Suding et al. (2015) principles has required a slower apprc?ach than mg,

other projects—and less emphasis on scaling up. However, we .feel that establishing 5 restory.
tion project in the ETP, where very few coral restoration studies have been undertaken, yy,g
necessary within both the ecological and societal approaches. This slow approach to devely

responsible practices allow us to expand the effort in a manner that is suitable for both research
and effective ecological restoration. One of the biggest challenges in Costa Rica is the demang
that is associated with Principle 3; there is a genuine desire among many individuals, busi-
nesses, NGOs, and the government to be part of the solution to the coral reef crisis, and much

of the project’s time and effort has necessarily gone toward guidance and training of other cord
restoration projects in Costa Rica.
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