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Abstract

Previously dominant, reef-building Acropora cervicornis and A. palmata abundance decreased
dramatically in the Caribbean in the 1970s, mainly due to the white band disease. They have been on
the IUCN Red List as ‘critically endangered’ species since 2008, but restoration efforts already date
back to the year 2000. Of these methods, fragmentation used in coral gardening seems to be the most
productive method for these species, but there is a need for optimisation of this process. This research
filled up the nurseries of Saba, Dutch Caribbean, with Acropora, measured growth of both species and
of the two staghorn mother colonies. Furthermore, some staghorn fragments were outplanted on an
outplanting structure. Growth rates of staghorn differed between some trees, with the highest growth
rates in the cut fragments that were ready for outplanting and therefore have lived in the nursery for
the longest time. The outplants themselves showed a lower growth rate, which might have to do with
the structure itself. There was generally no correlation between initial primary branch length and
growth rates of staghorn found except for one tree. Furthermore, branching corals grew faster than
non-branching corals, independent of the amount of side branches. Side branches tend to appear from
about 10 cm length, but half of the fragments without side branches did not branch at all in the
maximum of 79 days. Side branching over time seems to follow an exponential model, but prolonged
measurements are needed to prove this. Elkhorn growth in surface area and perimeter was found
already in a short period of time, but the method used must be further improved. The results of this
research can be used to improve coral gardening of Acropora spp.
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Introduction

One of the most valuable but threatened ecosystems in the world are the coral reefs. Coral reefs and
tropical rainforests have been compared to each other with respect to biodiversity and productivity
(Connell 1978). Coral reefs are also very important for their ecological functions, fisheries and
tourism. However, several causes are responsible for threatening this ecosystem worldwide, either
biological (e.g. diseases or human-caused threats like overfishing, contaminated river input, land
reclamation and all effects due to climate change) or physical (e.g. hurricanes) effects are
threatening coral reefs (Burke et al. 2002; Veron et al. 2009; Cheal et al. 2017; Mercado-Molina et al.
2016).
Acropora cervicornis (staghorn coral) and A. palmata (elkhorn coral) are branching hermatypic coral
species, previously very abundant in the Caribbean (Bak 1974; Boulon et al. 2005). They are fastgrowing species and thereby major contributors to accretion of the coral reef (Boulon et al. 2005). It
is known that one of the factors defining the composition of natural fish communities is the
presence of Acropora spp. (Ferse 2008). They are also important for other ecological functions of
coral reefs, by providing habitat for several organisms, fixing nitrogen, providing oxygen and
protecting coasts by blocking wave energy (Kuffner & Toth 2016). A. cervicornis lives generally in
the zone between 7 and 15 meters depth, while A. palmata occurs between the surface and 5
meters depth (Boulon et al. 2005). However, both Acropora species of the Caribbean are particularly
vulnerable with regard to diseases, because their main method of reproduction is fragmentation,
which is asexual (Johnson et al. 2011). Due to both anthropogenic and natural causes, Acropora
species are facing a decline estimated to be over 95% since their baselines in the 1970s (Bruckner
2002; Boulon et al. 2005; Precht & Robbart 2006). The main cause of this decline in the Caribbean
has been the white-band disease that hit the populations mid-1970s (Gladfelter 1982). However,
more factors contributed to a greater or lesser extent to the decline, like overfishing, algal
overgrowth due to a major decline in Diadema, deforestation, coastal development, oil spills,
temperature-induced bleaching and physical damage from hurricanes (Jackson 1997; Boulon et al.
2005). Both A. palmata and A. cervicornis are currently listed as ‘critically endangered’ on the
International Union for Conservation of Nature Red List of Threatened Species (IUCN 2017) and are
generally not showing recovery (Young et al. 2012). The decline in these previously dominant
species made coral reefs much flatter due to the lack of open three-dimensional-framework building
corals. This loss in complexity decreases biodiversity, biomass and reduced the resilience to
hurricanes and erosion (Meesters et al. 2015). In order to help increase coral cover and improve
survival changes of these coral species, restoration projects have been set up. Restoration is often
referred to as restoring a damaged reef, back to its original state. This could be done for example in
terms of biodiversity, structure and ecological function (Spurgeon & Lindahl 2000). Restoration
might be needed due to hurricanes, vessel groundings, diseases, coral mining, coastal development,
algal blooms and tourism amongst others (summarised in (Ferse 2008). One method of restoration
is collecting coral larvae during mass spawning events, rearing them in aquaria and releasing them
on a target area or already settled on a substrate to increase survival chances of sexually produced
corals and so increase diversity in genotypes (Chamberland et al. 2015; Gleason & Hofmann 2011;
Petersen 2016). Another method of restoration is dropping reefballs, which are concrete structures
supposed to increase complexity and provide corals with substrate to attach to. However, these two
methods are slow in ‘producing’ more corals, there is still a high mortality in the larval phase,
although this is a field of ongoing research, and reefballs have generally low natural recruitment to
them, but there is little knowledge about this (Meesters et al. 2015). The third method and fastest
way to increase the amount of these scleractinian corals is by fragmentation. This is exactly what is
used in the ‘coral gardening’ concept (Rinkevich 2000; Shafir et al. 2006). First, fragments are
collected from a ‘mother-’ or donor-colony and put into an, often mid-water, ‘nursery’, an
environment in which the small fragments can grow up safely. When the fragments have grown
over a certain size, they are outplanted back on the (degraded) reef or on an artificial reef. This
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(low-cost) method has been ranked as most effective for Acropora species (Young et al. 2012),
which could be explained by fragmentation being an important life history trait of Acropora species
(Meesters et al. 2015). Previous research showed that this method of growing corals leads to more
branching of the coral fragments in the nurseries compared to their mother colonies (E. H. Meesters
et al. 2015). A big advantage of this method is that it avoids the early larval stage, in which high
mortality is normal (Meesters et al. 2015). In the last several years and almost everywhere in the
tropics, people are using this technique to grow corals as fast as possible (Rinkevich 2000;
Bongiorni et al. 2011; Herlan & Lirman 2008; Shafir et al. 2006; Shaish et al. 2008; Meesters et al.
2015). In the Caribbean, the RESCQ-project has been organised to help restoring coral reefs and
their ecosystem services. As part of this project, this research will set up the coral restoration on
one of the islands covered under RESCQ: Saba. What holds for the whole Caribbean is also true for
Saba: elkhorn coral is still relatively easy to find, but staghorn went almost extinct due to the white
band disease. As far as we know now, there are only 6 colonies within the marine park of Saba, there
could be more on especially the east side, but diving possibilities are limited on that side of the
island.
The goal of this research is to make new colonies, measure their growth rates and place them back
on a safe reef, so the main question this research will answer is how well the nurseries of Saba are
doing and how this could be optimised. To answer this, several sub-questions and hypotheses will
be examined:
o

o

o

o
o
o
o

o

Is there a difference in growth rates of staghorn between fragments with a different parental
origin? There is a difference expected between different mother colonies, because mother
colonies from opposite sides of the island, one on the windward and one on the leeward side,
probably have a different genetic composition. Genetic differences may play an important role in
explaining growth rates, even after a year (Meesters et al. 2015; Bowden-Kerby 2008).
Is there a difference in growth rates of staghorn between the different structures used? There is
no difference expected between the different types of structures used (discussed in methods),
because both structures are swinging with the currents or swells and the corals are attached in
the same way.
Is there a difference in growth rates of staghorn between rows in a tree? This difference is
expected, because there is probably a (small) decrease in light-intensity with descending rows.
The algae living in corals (zooxanthellae and other algal symbionts) need light to be able to
photosynthesize and the holobiont might need to adapt to a different depth and so light
intensity, e.g. by taking in other symbiont clades.
Is there a difference in growth rates of staghorn between locations of the nurseries? There is no
difference expected for different locations, because all nurseries are more or less on the same
side of the island and do not differ more than 4 meters in depth.
Is there a difference in growth rates of staghorn between the mother colony, nursery and
outplants? The hypothesis is that there will be no difference, because they all have the same
genotype.
Is the initial primary branch length of staghorn correlated to the growth rate? The hypothesis is
that there is a correlation, because this has been found before and this is why the fragments
placed in the nursery should not be too small (Herlan & Lirman 2008; Lirman et al. 2014).
What type of model explains best the side branching process of staghorn over time? The side
branching of staghorn probably looks exponential, because the more side branches there are,
the more they will each make and so on, also found in previous research (Mercado-Molina et al.
2016).
Are the growth rates of elkhorn in the nursery of Saba comparable to other areas? The theory is
that within the (windward) Caribbean elkhorn growth rates should be comparable. However,
the nursery of this island is much deeper than most others. Therefore, the hypothesis is that
there will be a difference in growth rates between Saba and other islands.
5

In this research, the nursery of Saba has been filled with Acropora cervicornis and A. palmata,
growth was measured of both A. cervicornis and A. palmata within the nurseries in the marine park
of Saba. Furthermore, growth of the mother colonies of A. cervicornis was measured and already
some of the A. cervicornis had been ‘outplanted’ on a special outplanting structure.

Methods
Mother/donor colonies
Loose staghorn fragments were collected from the bottom near a mother colony suffering from
white band disease at Ladder Labyrinth (fig. 33) (17°37.636 N, 63°15.591 W). As visible in fig. 35A
(Appendix IV), some of these fragments also showed signs of white band disease. It has been tried to
remove these parts as good as possible before placing in the nursery. These fragments probably
broke off during a big swell in January 2017. Another mother colony of staghorn, which did not
show signs of white band disease, was found near Hole in the Corner (17°37.002 N, 63°13.648 W).
Only fragments with healthy, living parts were collected and put into a basket (Appendix IV, fig. 3435). The two mother colonies were separated about 4 km from each other. During this research,
water temperatures varied between 26 and 27°C. All known staghorn colonies around Saba are
given in appendix IV (Figure 3636).
Elkhorn coral was collected from several colonies about 75 meters Southwest of Green Island
(17°38.919 N, 63°13.842 W) at a depth of around 6 meters. Most of the fragments were collected
from pieces laying on the ground that were not attached yet. These fragments seem to be broken
from the colonies living there and were most likely broken due to storms and big swells. It was
ensured that there was only one side of the elkhorn being cut, this in order to decrease the wound to
coral ratio and thereby to increase survival chances. Only healthy fragments were cut and put into a
basket. A ratio of 1:5 was used for amount of elkhorn: staghorn in the nursery, because there are
still relatively many elkhorn colonies around Saba, but staghorn has become very rare.
Fragments
The fragments were taken on board and put into buckets filled with seawater. Every 20 minutes the
buckets were flushed and filled with new seawater. They were also kept in the shade and covered
with a wet towel as much as possible.
A. Cervicornis: If needed, the fragments were cut into smaller pieces of approximately 10 cm in
length. Length was measured in the way described under ‘measurements’. Furthermore, a
monofilament (yellow or transparent) line was attached to each coral using a crimp and pliers. This
same way, they were also attached to a structure in the nursery. All corals were provided with a
label telling the structure name, row and place on the row using a number.
A. palmata: These pieces were already cut to a size of at least 5x5 cm during scuba diving. The same
type of line as with the staghorn coral and labels on a side-line were attached using crimps and
pliers. Furthermore, photos were taken of the fragments and labels laying on a slate with centimeter
markings for digital measurements. These photos were made using a compact system camera (Sony
NEX 3) with an 18-55 mm zoom lens set to 20 mm.
Nurseries
The main nursery, which consists of 5 ‘trees’ and 5 ‘ladders’ is located in between Ladder Bay and
Well’s Bay (17°38.235 N, 63°15.376 W) on the leeward side of Saba between 12 and 15.5 meters
depth. Three of the trees have a capacity of 60 Acropora fragments (fig. 1a), two others could
contain about 20 (like in fig. 1b) and the ladders, if made from strong bamboo, about 60 (fig. 1c).
However, the ladders in the nursery of Saba could only hold up to 25 fragments. The trees are made
of pvc ‘trunks’ and fiberglass or pvc branches while the ladders are made out of rope on the sides
and bamboo in between. The trees and ladders are held up by a small air-filled buoy or jerrycan and
held down by concrete blocks. A sketch of the main nursery is attached in appendix IV (Figure
6

3232). This nursery is marked with a small floater on the surface and is situated in between three
yacht moorings, to reduce the risk of anchors dropping down on the nursery. Three trees of this
nursery are neglected, because there are other species than Acropora in these trees or they are still
empty (B, D, E and I).
One other tree is situated at dive site Rays n’ Anchors (17°37.384 N, 63°15.574 W) and is installed
and filled with staghorn from the main nursery (tree A) in August 2016. It is a pvc tree with 2
branches made from fiberglass (fig. 1b) and the branches have a depth of about 10.2 meters. In that
same month, also a tree at dive site ‘Tent Reef’ (17°37.024 N, 63°15.408 W) was installed and filled.
This is the same type of tree as the one in ‘Rays n’ Anchors’ and the branches were about 9.7 meters
deep. On the third of April 2017, it has been moved to about 15 meters horizontally from the tree at
Rays n’ Anchors (17.37.381 N, 63.15.571 W), now together forming what is called the ‘small
nursery’.
The distance between the main and small nursery is about 1600 m, and that between the small
nursery and the previous location of Tent Reef about 740 m. The location of the mother colonies and
nurseries around Saba are shown in Figure 2.

A

C

B

a

a

Figure 1. A) Example tree main nursery. B) Example tree small nursery. C) Example ladder main nursery.
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Figure 2. Map of Saba, Dutch Caribbean, including both the mother colonies of staghorn (green), the mother
colonies of elkhorn (orange) and the nurseries (yellow).

Cleaning
Trees and ladders were cleaned about every three weeks using scrubbers and a knife for fire coral
and clams. Lines, crimps and labels were cleaned using scrubbers and the corals (only if needed)
using a dish brush.
Outplanting site
The outplanting site is situated within the main nursery but next to a patch reef and is a 1.5 meter
long square made of bamboo (Figure 3. Outplanting structure partly filled with staghorn within the main
nursery.). It is placed about 30 centimeters above the sediment (15.5 meters depth), which consists
of sand. Coral fragments that were already quite big (larger than about 80 cm total length) were
attached to the bamboo using zip ties. They were placed very close to each other in order to let them
fuse. The corals maintained their tags with numbers so that they could still be measured.
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Figure 3. Outplanting structure partly filled with staghorn within the main nursery.

Measurements
A. cervicornis: The average amount of days between measurements was about 27 days. Only one
person measured all fragments every time, but the person who reads and writes down the
measurements changed a few times, especially in the first 6 weeks. For all staghorn measurements,
millimeter specific flexible measuring tape was used. First, the primary branch length was
measured, which was in almost all fragments easily recognised as the original, oldest/thickest,
branch. Then, the secondary, tertiary and sometimes even quaternary branches were measured.
Only length was measured, never thickness. For the fragments that were already in the nursery for
19 months, it was too time-consuming to measure it this way, because they were already about 2
meters in total length and had up to 17 branches. So the alternative was to count the branches and
measure only one tip, which was marked with a monofilament line and secured with a crimp
approximately 5 cm from the tip of the branch. To measure it as consequently as possible, every
measurement was done from the crimp to the tip and it also included side branches. Using this same
method, the three tags on both the mother colonies were measured approximately every month.
A. palmata: The elkhorn fragments were measured using the program ImageJ 1.50i. First, for every
photo, a line of 5 cm was made in between the scale on the photo and the scale of the program was
set to a known distance of 5 cm. Then, using ‘freehand selections’ a selection was made around the
coral fragment (Figure 4). Finally, the surface area (cm2) and perimeter (cm) were selected for
measurements. All fragments were scaled and measured 3 times per photo to get more reliable data.
The recovery of the mother colonies was impossible to measure because there were a lot of
different colonies used, all standing relatively close to each other. Next to this, most fragments were
collected from in between the rocks. Also, Green Island is on the other side of Saba than the harbour
and time and weather conditions often limited the possibility to go there.
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Figure 4. Example photo of elkhorn measurement. In the upper part, the scale is visible, on the left side the
label of this fragment and on the right there is the elkhorn. The yellow line around fragment Ha4 is what has
been selected in the program ImageJ.

Analyses
A total of 178 individual fragments were repeatedly measured during one, two or three months.
Table 1 summarizes the trees and mother colonies (lowest two rows) that were used. This table can
be used as reference to which genotype is in which tree and which tree is on which location.
Table 1: Overview of trees, abbreviations (will be used from now on), mother colonies, species and the
amount of fragments or tags in or on it. Tent Reef has been moved during this research to the small nursery. GI
= Green Island, main = main nursery, small = small nursery.

Name
Tree A
Tree C
Ladder F
Ladder G
Ladder H
Ladder J
Tree Rays n’
Anchors
Tree Tent Reef

Shortage
A
C
F
G
H
J
R

Species
A. cervicornis
A. cervicornis
A. cervicornis
A. cervicornis
A. palmata
A. cervicornis
A. cervicornis

n= (beginning)
31
22
25
25
25
10
20

n= (end)
31
19
21
24
25
9
19

Genotype
LL
LL
LL
HiC
GI
HiC
LL

Location
Main
Main
Main
Main
Main
Main
Small

T

A. cervicornis

23

21

LL

Outplants
Hole in the
Corner
Ladder labyrinth

O
HiC

A. cervicornis
A. cervicornis

24
3

24
3

LL

A. cervicornis

3

3

LL
Mother
colony
Mother
colony

Tent
Reef
/small
Main
Mother
colony
Mother
colony

All data were entered into Microsoft Excel 2013. Individual fragments with only one measurement
have been deleted, since growth is not measurable for these. All side branches with a length smaller
than 7 mm were deleted to get more reliable data (very small side branches are difficult to measure
and it can be hard to tell if it is a side branch or just a bigger polyp).
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First, the data of the primary branch lengths (pbl) was collected and linear regression graphs were
made. The growth was well explained by linear regression, so the regression coefficients were
calculated over the multiple measurements and dates using the ‘linest’ function. Then, this
coefficient was divided by two and multiplied by 30 to correct for the amount of apical polyps on the
primary branch and to get an estimate of the growth in 30 days. This calculation was repeated for
every tree/ladder except the one with elkhorn. The measurements of the mother colonies and
outplants were divided by one, because they were measured on only one tip of the whole fragment.
These regression coefficients will be called growth rates from now and they will always be given per
tip.
The primary branch length has been taken separately from the side branches (and so total lengths)
because the amount of side branches which to correct for differs over time, while the pbl always has
two tips. This means that the pbl data is likely more reliable in growth rates. The total length data
regression coefficients were corrected by the average amount of side branches +2 for the primary
branch tips (+1 for the single outplant tip). After exploration of the data with Cleveland dotplots and
density plots, five outliers were identified which would have a big influence on the tests. Two of
these were thick branches dying from white band disease (fragments Cd4 and Fd4), three others
were for a big part overgrown with algae (fragments Jc4, Tb9 and Tb11). Density plots of all groups
of data used in tests are given in appendix I (fig. 20-30).
The total length data has been used to get a better idea of branching over time and total length.
Some fragments, however, already had side branches when placed in the nursery, so a selection was
made of fragments that did not had a side branch when placed in the nursery. Within this subgroup,
the length and amount of side branches of only the last day measured were used to avoid getting
dependent data in which one fragment occurs more than one time. This selection contained 36
fragments from tree A, C, F, G and J. Tree T and R were excluded because they don’t have a real time
zero measurement and the outplants were excluded because the amount of side branches and the
‘total length’ measured is just a fraction of the whole fragment. For the test between branching and
non-branching groups, the two outliers in tree T were removed, because of their big influence (Tb9
and Tb11).
For the elkhorn data, the regression coefficients were calculated using the two measurements and
days in between them and multiplied by 30 to get a growth per month. This growth rate was
calculated for both the surface area (cm2/30d) and the perimeter (cm/30d).
From here, all statistical tests were performed in Rstudio (version 1.0.36) (R Development Core
Team 2015). When the mean of a variable is given, it is always accompanied by the 95% confidence
interval (in R: mean ± qt(0.975, n)*(sd/√𝑛), in which n is the sample size). Most of research
questions that are described in the introduction were tested using the ‘lm’ function in R, which can
be used for ANOVA or regression analyses.

Results

As a measure of growth rate, the regression coefficients were used for the next regression and
ANOVA analyses. The results of the primary branch lengths will be discussed first, followed by the
results of the total lengths data and elkhorn data. Appendix III shows output tables of all linear
models, generalised linear models and post-hoc tests.

Primary branch growth staghorn
Growth differences between parental origin
The first question tested was if there is a different growth rate in A. cervicornis for different
genotypes in the main nursery. There were 33 individuals coming from the mother colony in dive
site ‘Hole in the Corner’ and 76 from ‘Ladder labyrinth’. The plot in Figure 5 shows the distribution
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of the growth rates of the fragments with different parental origins. The mean growth rate of the
fragments from Ladder Labyrinth is higher (3.58 ± 0.64 mm/30 days) than those from Hole in the
Corner (2.36 ± 0.98 mm/30d) and this difference was significant (p=0.037, ANOVA). When the
growth rate is negative, it means that the living part of the coral has decreased or that it has been
broken.

Figure 5. Significant difference (p=0.037) in mean primary branch growth rate of fragments of both mother
colonies within the main nursery. Fragments with an origin of Ladder labyrinth had faster growth rates.
Whiskers show 95% confidence limits, the black dot shows the mean.

Location and tree type effects
Another important part of this research is if it matters for the growth rate of the primary branch in
which type of structure and on which location the fragments were placed. For this, another ANOVAtest was done on all fragments (n=173) of all trees, ladders and the outplants. The result is shown in
Figure 6. Statistics confirm that there is a significant difference between some trees (p<0.001,
ANOVA). To find out between which trees this is, a post-hoc TukeyHSD-test was performed on this
same data. This test resulted in a significant difference of tree T (-4.80 ± 1.38 mm/30d) with all
other trees (p<0.001) and tree A (5.03 ± 0.71 mm/30d) with tree J (0.55 ± 3.33 mm/30d) (p=0.004).
The mean overall growth rate is 2.30 ± 0.60 mm in 30 days. This same test has also be done with the
total length data (Appendix II, fig. 31), but there were no differences in significance between
structures.
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Figure 6. Primary branch growth rates of the fragments in all trees, also including the outplants. The same
letter means no significant difference between those trees. The trees below the green rectangle are having
genotype HiC, the ones in white are having genotype LL and are situated in the main nursery. The trees below
the blue rectangle are located in the small nursery. See also table 1 for reference. Whiskers show 95%
confidence limits, the black dot shows the mean.

Growth differences within nursery types
Also tested was if growth rates differed over the rows or branches of the structures, possibly
because of differences in light intensity. For this, the data of big trees, ladders and small trees have
been separated. Rows were given a small letter, with ‘a’ being the highest row and ‘b’ the one below
that and so on. For the big trees of the main nursery, there were only two trees in this selection, tree
A and C (Figure 7). Statistically, there was no difference in growth rates found within rows of these
trees (p=0.179, ANOVA), although the lower three branches (g, h and i) are having a little higher
growth rates. However, the fragments of tree A hung in the lower branches, while those of tree C
hung in the upper branches, so this might be due to a tree-effect, also since they both have the same
genotype.
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Row within a tree

Figure 7. No differences (p=0.179) in primary branch growth between fragments on different rows (branches)
of the big trees in the main nursery. The highest branch is branch ‘a’, the lowest branch ‘i’. Whiskers show
95% confidence limits, the black dot shows the mean.
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The data of fragments placed in ladders are more comparable, because all three ladders (F, G and J)
were filled with 5 fragments over 5 rows. Figure 8 shows the plots of the growth in these rows and
as with the trees, there is no difference between the rows of ladders (p = 0.807).

a

b

c

d

e

Row within ladder

Figure 8. No differences (p=0.807) in primary branch growth between fragments on different rows (branches)
of ladders F, G and J. Whiskers show 95% confidence limits, the black dot shows the mean.

Finally, the small nursery data was compared separately from the other trees, because these two
trees only have two branches with more space (about 1.5 meters) in between. Nevertheless, the
corals in these trees also show no difference (p=0.231) in growth rate between the rows (Figure 9).
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Figure 9. No differences (p=0.231) in primary branch growth between fragments on different rows (branches)
of tree T and R (small nursery). Whiskers show 95% confidence limits, the black dot shows the mean.
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Growth differences between outplants and nursery fragments
Following on the first test between all trees and outplants, a separate test was done checking for a
difference in growth rate between nursery fragments and the outplants (same genotype, outplants
originated from tree A). When you have a look at the plot of these groups (Figure 10), you could see
a small difference, which appeared significant (p=0.0123, R2=0.10, ANOVA). The fragments of tree A
had a mean growth rate of 5.03 ± 0.71 mm/30d, while the outplants were growing with 3.24 ± 1.07
mm/30d.

Figure 10. Significant (p=0.0123) difference in primary branch growth rates between tree A and the outplants.
Whiskers show 95% confidence limits, the black dot shows the mean.
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Growth differences between sites
The next test examined differences between the two nursery sites. However, because Tent Reef has
been moved halfway this research from Tent Reef to Rays n’ Anchors, trees R and T of the small
nursery have been separated for the test. As can be seen in figure 11A there is a clear difference in
growth rates between the moved tree T and the other two (p<0.001, R2=0.50, ANOVA). The corals in
tree R (3.34 ± 1.79 mm/30d) and in the main nursery (only fragments of the same mothercolony LL
as the ones in R and T) (3.58 ± 0.64 mm/30 days) grew much faster than those in tree T (-5.44 ±
1.70 mm/30d), which actually has a negative mean tissue growth rate. This difference could be
location-specific, but it could also be that the fragments in tree R already had a bigger size in the
beginning and were therefore better able to cope with the challenges of surviving. Therefore,
another test was performed on the initial pbl between the different nursery locations (tree R and T
again separated). This data has been log-transformed first to improve normality. Figure 11b shows
that there is a difference (p<0.001, R2=0.11, ANOVA) which follows the same pattern as the
differences in growth rates. The fragments in tree R (92.88 ± 5.77 mm) and in the main nursery
(113.82 ± 6.83 mm) were significantly bigger than the ones in Tent Reef (67.02 ± 5.77 mm) when
this research started.

Figure 11. Significant differences (p<0.001) in primary branch growth rate (A) and initial primary branch
length (B) of the fragments in the main nursery, tree R and T. Whiskers show 95% confidence limits, the black
dot shows the mean.

If these two plots of pbl per tree and growth rate per tree look similar, is there then an interaction
between pbl and the factor tree on growth rate? To examine this, an ANCOVA test was carried out
on the same data of the different nursery locations (R and T again separated). The interaction pvalue was significant for both tree R (p<0.001) and tree T (p=0.022, R2=0.57, ANCOVA), which
means that there is an interaction between initial fragments size and growth rate and that this
differs between nursery locations. This has been made visual in Figure 12. Visual impression of the
intercepts and slopes (gained from the ANCOVA-test) of the main nursery, tree R and tree T, based on
the initial primary branch length (log-transformed) and the growth rates.It turned out that the interaction
for tree R is positive, while the one of tree T is negative.
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Figure 12. Visual impression of the intercepts and slopes (gained from the ANCOVA-test) of the main nursery,
tree R and tree T, based on the initial primary branch length (log-transformed) and the growth rates.
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To check for a possible correlation between the initial pbl and growth rates of all different
structures, a scatterplot was made (fig. 13Figure 13), but without the outplants. The outplants were
excluded because their pbl is not the real pbl, but just a small part of one (side) branch. The initial
primary branch length data has been log-transformed again to improve normality. A simple look at
the graph indicates that there is no (linear or exponential) correlation between these two variables,
except for tree R and tree T. The interaction p-value in this test was only significant for tree R
(p=0.036, ANCOVA), which means a significant interaction between initial primary branch length
and tree for only this tree R. The graph shows that this is a positive interaction.
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Figure 13. Scatterplot of the log-transformed primary branch length (x-axis) and growth rate (y-axis).
Generally no correlation except for tree R (p=0.036).
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Growth differences between mother colonies, fragments, and outplants from the same genotype
Another important issue is if there is a difference in growth rates between the mother colonies
themselves, their fragments in the nursery and the outplants. The first test was between the colony
‘Ladder labyrinth’, the fragments in trees A, C and F and between the outplants (Figure 144). The
results (p=0.102, ANOVA) show that there is no difference between the outplants (3.24 ± 1.23
mm/30d), nursery (3.59 ± 0.67 mm/30d) and the wild/mother colony LL (5.85 ± 4.06 mm/30d). It
seems to be that the mother colony grows faster, but there were only four measurements for the
mother colony, so bigger confidence limits.

Mothercolony LL

Nursery LL

Outplants LL

Figure 14. Primary branch growth rates of mother colony Ladder Labyrinth, fragments of this colony in the
nursery and the outplants. There is no significant difference in growth rates (p=0.102). Whiskers show 95%
confidence limits, the black dot shows the mean.

For the other mother colony there was a different outcome (Figure 155). Growth rates of the
wild/mother colony ‘Hole in the Corner’ (11.23 ± 5.17 mm/30d) were significantly higher than
those of the fragments in the nursery (2.36 ± 1.00 mm/30d) (p<0.001, R2 =0.43, ANOVA). So,
although this mother colony also had only three tags, the growth rate of this colony was much faster
than of the ones in the nursery.
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Figure 15. Primary branch growth rates of mother colony Hole in the Corner and fragments of this colony in
the nursery. There were no fragments of this colony within the outplants and there appears to be a significant
difference in growth rates (p<0.001). Whiskers show 95% confidence limits, the black dot shows the mean.

Total length A. cervicornis
Next, the results using the total length data will be discussed. This data contains all fragments that
did not had a side branch when placed in the nursery (n=36).
Timing of side branch formation
The size at which fragments start forming side branches can only be studied using the above subset
of the total length data. Results show that a fragment starts to branch when it is about 10 cm long
(Figure 166). A generalised linear model (using the poisson family) was used for the regression
analysis, because this type of model is better in working with counts. The outcome of this test
(p<0.001, explained deviance = 0.50) showed that there is a correlation between the total lengths
and the (log-transformed) amount of side branches. This sounds quite logical: the more side
branches, the bigger the size or the other way around. However, half of the fragments were not
branched at all in the end.
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Figure 16. Correlation of the amount of side branches and the total length of A. cervicornis fragments in the
last measurement (p<0.001).

The second graph with the selection was a plot of the amount of side branches, dependent on the
individual time in the nursery of each fragment (Figure 177). The individual time means that the
day that a fragment is placed in the nursery is day zero. As suggested, the date of day zero often
differs between trees. The regression of this graph, using again a generalised linear model
(quasipoisson family, because dispersion parameter is around 2), gave a p-value of 0.093 (explained
deviance = 0.09) with a trend of exponential increasing amount of side branches over time. In this
scatterplot, the individuals measured on the three different days are different from each other
(because each fragment has only one dot in the graph). This means that each measurement on a
certain day has an origin of zero branches on day zero and also that the measurements are
independent. So, do not interpret the graph as declining and then increasing, because they are
different fragments (from different trees and parental origin) but together they form this trend of
exponential growth. Also visible in this graph is that, even at day 79, still a lot of the fragments did
not branch at all.
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Figure 17. Amount of side branches seems to increase exponentially over time, but not significant with this
amount of data (p=0.093). The three last measurements were used together with the ‘jitter-function’ in R to
show all measurements and explain why the exponential line did not increase faster. All these fragments did
not have side branches at day zero.

Branching and growth
Having seen this remarkable low amount of branching, the idea came up that the corals could grow
with the same total growth rate by growing faster on the primary branch if they don’t have side
branches. So the aim of the next test was to find out if branching corals grow faster than nonbranching corals. Herefore, the total length data has been used, but this needed a correction for the
growth rate of corals with side branches, otherwise it would not be independent data. This
correction consisted of dividing the regression coefficients by the average amount of side branches
between start and end of the measurements+2. This test was done for all 176 fragments and a
variable was made telling if the fragment did or did not increase in amount of side branches, so a
‘non-branching’ coral could also be a fragments starting on 3 side branches and still having 3 in the
end of the measurements. The plots (Figure 188) of the growth rates per group (branching or nonbranching) show a clear difference between the two groups (p<0.001, R2=0.18, ANOVA). Branching
corals (4.79 ± 0.87 mm/30d, n=73) grew faster than non-branching corals (1.20 ± 0.73 mm/30d,
n=103), despite the described correction for side branches.
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Figure 18. There is a significant (p<0.001) difference in growth rate between fragments that increased in
amount of branches over time and fragments that did not. The growth rate is corrected for the average
amount of side branches over the time measured. Whiskers show 95% confidence limits, the black dot shows
the mean.
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A calculation using the 95% confidence intervals suggests that the growth rate of the surface area is
significantly different from zero, meaning that there is positive growth (2.26 ± 2.18, cm2/30 d) of
more than 95% of the fragments (Figure 199a). The same was true for the perimeter growth rate
(5.41 ± 1.86 cm/30 d) (Figure 199b). However, the standard deviation for the same corals on the
same day (so the same photo) was already bigger (SD=2.33 cm2 for surface area, SD=3.41 cm for
perimeter) than the mean growth in surface area.

Elkhorn

Elkhorn

Figure 19. Distribution of growth rates of surface area (A) and perimeter (B) within the elkhorn
measurements (n=25). Whiskers show 95% confidence limits, the black dot shows the mean.

Table 2 summarizes all results and tests presented in this section.
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Table 2. Overview of tests and results given in this section. Abbreviations used: pbl = primary branch length
dataset, total length = pbl + all side branch lengths, Nb=amount of side branches, M= mother colony,
N=nursery fragments, O = outplants, LL = Ladder Labyrinth mother colony, HiC = Hole in the Corner mother
colony.
Data
Test
Dependent
Independent
p-value
Result
variable
variable
pbl
ANOVA
Growth rate Parental origin
0.037
LL fragments faster than
(genotype)
HiC fragments
pbl
ANOVA
Growth rate Trees
<0.001
Diff. between trees
pbl
TukeyHSD
Growth rate Trees
<0.001
T slower than all others
0.004
A faster than J
pbl
ANOVA
Growth rate Rows within trees,
0.179
No diff. between trees
ladders and small
0.807
No diff. between ladders
trees
0.231
No diff. between small
trees
pbl
ANOVA
Growth rate Tree A – Outplants
0.012
A faster than outplants
pbl
ANOVA
Growth rate Nursery locations
<0.001
T slower than R and main
nursery
pbl
ANOVA
Log(initial
Nursery locations
<0.001
T smaller than R and main
pbl)
nursery
Pbl
ANCOVA
Growth rate Log(initial pbl) –
<0.001
Interaction pbl-tree R
nursery locations
0.022
Interaction pbl-tree T
pbl
ANCOVA
Growth rate Log(initial Pbl)-All
0.036
Only R has significant
except outplants
interaction pbl-tree
pbl
ANOVA
Growth rate M – N – O (LL)
0.102
No diff. between mother
colony, nursery and
outplants
pbl
ANOVA
Growth rate M-N (HiC)
<0.001
Mother colony faster than
nursery
Total length GLM Nside branches
Pbl (end)
<0.001
Correlation between total
Regression
length and amount of side
branches.
Total length GLM Nside branches
Individual time
0.093
No exp. corr. between side
Regression
branches and time
Total length ANOVA
Growth rate Branching – non<0.001
Branching corals grow
branching
faster than non-branching
Elkhorn
95% c.l.
Growth rate 0
95%
There is growth in SA
surface area
SA
confidence
Elkhorn
95% c.l.
Growth rate 0
95%
There is growth in
perimeter
perimeter
confidence perimeter

Discussion
Shortly, the results showed that Acropora cervicornis fragments of mother colony Ladder labyrinth
grew faster than mother colony Hole in the Corner. There was no difference found between rows
within the big trees, ladders or small trees. Also, tree T grew slower than all other trees and the
outplants, while tree A had a higher growth rate than J. When tested separately, tree A grew faster
than the outplants. Furthermore, there was a growth difference between the locations of the
nurseries, with fragments in Tent Reef growing slower than fragments in both main nursery and
Rays n’ Anchors. Also, there was an interaction between initial primary branch length and tree on
the growth rate of tree R (positive relation) and T (negative relation).There was no difference in
growth found in fragments from the mother colony from Ladder Labyrinth (wild, nursery or
outplants), while fragments from Hole in the Corner grew slower in the nursery compared to their
mother colony. There was, except for tree R, no correlation found between initial primary branch
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length and growth rates when looking at all trees. It appeared that branching started around 10 cm
length, however, 49% of the fragments that were bigger than 10 cm, did not branch at all in the 3
months measured. Despite correction, branching corals grew faster than non-branching corals.
Finally, there was positive growth measured for elkhorn corals, both in surface area and perimeter.
These results will now be discussed further in the same order and after this some general issues and
suggestions will be discussed.
As expected, there was a difference in growth rates between fragments coming from the two
staghorn mother colonies since the Ladder Labyrinth (LL) fragments grew faster than fragments
from Hole in the Corner (HiC). This could be explained by differences in genotypes, like seen before
(E. H. Meesters et al. 2015), but it could also be due to differences in environmental factors. An
example of this could be that the two donor colonies are located on opposite sides of the island; one
on the leeward (LL) and one on the windward side (HiC), each side with different currents. A third
reason could be the difference in light availability, since there is a 6 meters difference in depth
between the two colonies, Ladder Labyrinth being the shallowest.
Contrary to what was expected, rows at different depths in a tree or ladder did not influence the
growth rates of staghorn corals. However, there was only a difference in depth of about 1.5 or 2
meters. Other research did found a difference in growth rates between different depths, but that
was between 4 and 10 meters (unpublished: Crombach et al. 2017). Since light decreases
exponentially with depth, it might be that depth is more important in the upper 10 meters.
The reason the Tent Reef tree has been moved was that it was doing much less than the tree in Rays
n’ Anchors in the time before this research. Unfortunately, after translocation of the tree, the living
part of almost all fragments decreased further in the first month. This might have to do with
adaptation to the new location, although it is not far away from its original place. Another possible
reason may be that the fragments were already very small (all except one were <10cm) and for
moving the tree, all fragments needed to be detached and attached to the tree again, which could
give them handling stress in addition to stress due to transportation (high level of light, short period
out of the water, warm water in buckets etc.). The exact reason of decreasing lengths is unclear, but
the translocation may have caused the negative growth rate of tree T.
A reason for the unexpected higher growth of tree A compared to tree J in both primary branch and
total length data, while they were similar in size, could be that the fragments of tree A were already
in the nursery for 1.5 years before they were cut into smaller pieces and used again, while the
fragments in J were just put into the nursery one month after the start of this research. Corals may
have to adapt to their new environment, for example by taking in other symbionts that are more
optimal for that place (Bowden-Kerby & Carne 2012). Since a difference in growth of fragments of
different mother colonies has been found, the difference between A (LL) and J (HiC) could also be
due to genetic or environmental reasons.
When looking again at figure 6, it also becomes clear that there is no reason to think that there is a
different growth rate depending on if the coral hangs in a ladder or tree, because tree C and ladder F
have the same mother colony, had the same size, were placed in the nursery on the same day and
only about 10 meters apart from each other. A reason for possible differences could be the
difference in material between trees (pvc) and ladders (bamboo), but previous experiments have
been done on the material of the trees and it has been found that there was no differences in growth
rates between bamboo and pvc trees (unpublished: Crombach et al. 2017).
The result that the outplants grew slower than the fragments in tree A could be explained by the
structure itself: the outplanting structure does not move, while the trees do swing with the swells
and currents, which results in bigger forces on the coral fragments. Furthermore, closer to the
sediment the current is less strong and so less water and nutrients will pass the corals, which could
limit their respiration and the photosynthesis of the symbionts. Also the outplanting structure is
about 3 meters deeper than tree A, so the algae within the outplants could have had less light than in
the trees and consequently the coral could have had less sugars for growth, although this depth
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effect has not been found in this research. A third reason could be that the outplants were using
their energy to fuse with their neighbours, because they were closely placed to each other. This also
means that a negative-density effect possibly has an influence on the outplants (Griffin et al. 2015).
Another important factor in this is that the outplants were much bigger than the ones in tree A
(about four times in total length) and it has been found before that corals grow faster when they are
smaller, at least until a certain point (Herlan & Lirman 2008; Edwards & Gomez 2007; Raymundo &
Maypa 2004; Jaap 2005; Lirman et al. 2014).
The test between growth rates of the nursery locations gave a result that is in agreement with the
difference between tree T and all others. As expected, there was no difference between the main
nursery and Rays n’ Anchors. The same was true for initial primary branch length of the nursery
locations. The interaction between initial pbl and tree on growth rate was positively significant for
tree R, so the bigger start size the higher the growth rate for this tree, but negatively significant for
tree T. This means that the biggest fragments decreased the most.
There was no difference in growth rate between the wild colony in Ladder Labyrinth, its outplants
and its fragments. The mother colony itself seems to have a little higher growth rate, but there were
only three branch tips measured, so the sample size of this was much lower than in the other
groups. The higher growth rates of branches of mother colony Hole in the Corner than the
fragments of this colony in the main nursery (ladders G and J) were not expected and are probably
due to the fact that the fragments have to adapt to their new environment (on the opposite site of
the island) and depth. Previous research also found a home-site advantage in which the wild colony
grew faster than the fragments in the nursery (Forrester et al. 2013). Also, there were only three
measurements of this mother colony, of which two of them were only separated by10 days, so these
measurements are less reliable.
Not expected was that the growth rates appeared to be independent of the initial primary branch
length, except for the fragments in tree R. Not having this effect could be due to a too small variation
in primary branch lengths, but it could also be that other factors are just more important to
determine the growth rate, for example geographic area (Gladfelter et al. 1978) or symbionts
(Bowden-Kerby & Carne 2012). Tree R, which showed an effect of initial primary branch length on
growth rate, had, compared to the other trees, fragments that were already in this nursery for half a
year longer. Concluding, it could be that this effect only occurs when the coral fragments have
adapted to the local conditions for a longer period of time. One other thing to mention here is that
the most big fragments were also the thickest ones (i.e. oldest) and thicker fragments appeared to
suffer more from partial mortality (pers. obs.).
The first side branches appeared at about 10 cm length, which is comparable to what has been
found previously (Mercado-Molina et al. 2016), but half of the fragments (49%) without side
branches at the start and bigger than 10 cm did not branch at all during the three months. This
could be a consequence of for example the genotype (Bowden-Kerby 2008) or adaptation due to
moving of the corals from their original location (Forrester et al. 2013). Branching over time
seemed to follow an exponential model, which was expected, but there was likely not enough data
(or not long enough period of time) to get the model significant. Unfortunately, branching of the
mother colonies has not been taken into account, so no comparison could be made between wild
and nursery colonies.
It appeared that branching corals grew faster than non-branching corals, despite the correction for
side branches. This could be logical when branching of corals say something about their health or
‘growth-power’, which might be true when there is a trade-off for corals between creating new
branches and putting more energy in the existing apical polyps. The triggers for branching in corals
is probably a gap in the current knowledge.
Finally, surface area and perimeter of elkhorn increased significantly. It appeared that the depth of
the nursery did not influence the growth, although there is no comparison with the normal growth
in their mother colonies. However, average variation between multiple measurements of the same
photo was bigger than the mean actual growth. Therefore, the reliability of this data is concerned
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very low. For that reason, no comparison will be made with previous research on growth rates of
Acropora palmata. Although it is difficult to compare photos of the same fragment with just four
weeks in between the measurements, the corals already started to heal their wounds and grew over
their crimps and lines (Appendix IV, fig. 37), indicating at least some recovery and growth.
Some outliers were a result of the use of different people for reading the measuring tape and writing
down the measurements. Apparently, when checked what was written down, it became clear that
the used measuring tape could be confusing. Another reason of some highly negative outliers is
probably that the measurements switched from all tissue to only living tissue during the research,
which has an effect of strongly decreasing lengths, while in reality it went slower. A third reason is
that some fragments (in ladder F, G and the outplants) were cut for other (genetic) research.
Of all fragments, only 5,9% (n=12) were lost or died, even while all of the staghorn fragments were
gathered on the bottom next to their mother colony, some partly not in a very healthy state.
Negative growth in other trees than tree T were often caused by white band disease or other
bacteria or algae covering the corals and killing it. Although the healthy and sick parts were broken
or cut, it might be that some healthy parts were already infected, since they already were turning
white and grey just after placing. Another reason could be adaptation problems in some of the
fragments. A third reason of the loss of some fragments is certain: some of the fragments sliced
down a broken branch of a ladder and were found in the black sand, already white. They were all
placed back, but none of them survived this sand-bath. The current research did not measured
thickness of the corals, but visible was that thicker branches died more often than thinner ones
(pers. obs).
The positive growth rates of this research varied between 4.34 cm/year (tree J) and 12.07 cm/year
(tree A) with a mean of 7.75 cm/year. The mean growth rates of this and other research can be
compared in Table 3. Although not in detail studied, there was less branching found in the current
research than known from previous research, this could be due to a genotypic variation between the
staghorn on Saba and in Puerto Rico and Bonaire (Mercado-Molina et al. 2015; Mercado-Molina et
al. 2016; Meesters et al. 2015).
Table 3. Comparison of growth rates found in previous research with the present research (Boulon et al. 2005;
Gladfelter et al. 1978).

Study
Becker & Mueller 2001
Vaughan 1915
Gladfelter et al. 1978
Present study
Shinn 1976
Unpublished: Crombach et al. 2017 (transplanted)
Shinn 1966
Jaap 1974
Unpublished: Crombach et al. 2017 (wild)
Mercado-Molina et al. 2016
Lewis et al. 1968 (Barbados)
Lewis et al. 1968 (Jamaica)
Meesters et al. 2015

Mean growth
rate (cm/year)
3 to 4
4.5
7.1
7.8
10
10.8
10.9
11.5
13
13
14.6
26.6
27.7

Since the growing threats to coral reefs and the rising feeling of necessity to act, there is a need for
optimisation of reef restoration techniques. This research collected for the first time data of the
coral nurseries in the marine park of Saba. While Saba is still called ‘The Unspoiled Queen”, the
Caribbean Sea and Atlantic Ocean around the island are far from unspoiled. The white band disease
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had a great impact on the dominant species and almost all staghorn disappeared. Some of the few
colonies left still show signs of white band disease, which is killing the corals with meters of total
length a month (pers. obs.). An important life history strategy is asexual reproduction by
fragmentation. Here, reproduction of the two mother colonies was helped by using their already
broken fragments. The growth rates and branching were on average lower than found in most other
research, so there is still room for optimisation. Also, the factors mostly determining the growth rate
are still unclear. However, ‘time within nursery’ could be a candidate, because fragments in tree A
grew much faster than all others and those corals were already there for 1.5 year. Therefore, the
expectation is that growth rates will increase for the other trees too over the next year and this will
be persistent, because these fragments will stay in the nursery, no new fragments will be collected.
Also the branching is expected to increase, because the fragments of tree A also branched more (the
longest period measured for tree A is 38 days, see fig. 17). Other good news is that Acropora
cervicornis in the main nursery already attracts all kind of reef fishes, comparable to their function
‘in the wild’ (for example filefishes and surgeonfishes), who also help removing algae from the
structures.
For future research, a recommendation would be to decrease the surface area of the labels, because
it gives space to algae and could possibly limit the light availability of lower hanging corals. A
solution for the very small fragments that are decreasing in living tissue (in particular tree T) could
be to cut the dead parts off and try to fuse them. Since the length of the fragments in tree T is
between 28-86 mm, this might be the fastest way to save this material and has been shown to
decrease mortality with at least 20% (Raymundo & Maypa 2004).
To improve the reliability of the elkhorn data, the suggestion is to make several photos on the same
day of the same fragment and use all of these, because now it all depends on one. Also, the time
between measurements could be increased to once in three months. Growth of the mother colonies
of elkhorn should be measured as well to make better comparisons. Another idea might be to
decrease the depth of the nurseries, at least for the ladder containing elkhorn corals, because they
normally don’t occur that deep. If this is not possible, it may also help if all elkhorn would be placed
in the upper rows of the trees. The adaptation to deeper waters seemed to be well, because the
corals grew over the line and crimps, but the other way around could be stressing as well. For the
staghorn it could be tried to decrease the depth, but it is uncertain if this will be better. The mother
colonies are located even deeper than the nursery and the nurseries would probably need to be
cleaned more often, because algae will also grow faster when the structures are placed shallower,
but it might have a big advantage for growth rates. A suggestion for further research concerning the
white band disease could be to perform controlled experiments with fragments which suffer from
white band disease and with fragments from mother colony Hole in the Corner. This is in order to
explore if colony HiC could be resistant to the disease. Further research should also take a look at
which parameters determine (primary) branch growth most, which might be abiotic or biotic.
Suggestions to improve the outplanting are to extend the outplanting structure with a cross of
bamboo branches in the middle, because there is a lot of space (±1.5 meters) in between now and
with the current method a long-shaped colony with a hole in the middle will form, which is not very
natural. It is not sure if all fragments will fuse, so a square this big will probably not be made very
soon. Also, it is important to create several new colonies by leaving some space in between or
creating much more of the outplanting structures, because if the one colony will be placed
accidentally in a bad place and die, there is nothing left. Also, it is a good idea to mix genotypes in
the outplanting structures, so as soon as fragments from Hole in the Corner are big enough, place
them next to fragments of Ladder Labyrinth. For the same reason, increasing the chance of creation
of new genotypes when the corals spawn, it would also be good to transport fragments from the
nearby island of Sint-Eustatius, where there are much more different genotypes present.
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Conclusion
Since the growth rates for staghorn found in the nurseries of Saba are not much lower compared to
previous research, it can be said that the nurseries are doing their job. Also, higher growth rates and
more branching are expected over the next year(s) when the coral fragments are adapted to the
nursery environment. The outplants are doing well, although with a lower growth rate than the
fragments in the tree in which they grew up. More information is needed about which variables or
parameters explain growth rates best. For elkhorn, more and better data is needed, but production
of new tissue and healing of wounds was already visible within one month. For staghorn, it can be
stated that the nurseries of Saba are able to maintain and restore the scarce colonies in the marine
park.
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Appendices
Appendix I: density plots
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Figure 20. Density plot of the growth rates of all fragments of LL and HiC in the main nursery.
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Figure 21. Density plot of the growth rates of all fragments in all structures.
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Figure 22. Density plot of the growth rates of fragments in tree A and the outplants.
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Figure 23. Density plot of the growth rates of all fragments of LL in the different nursery locations.
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Figure 24. Density plot of the initial primary branch length of LL fragments in different nursery locations. This
data has been log-transformed to improve normality.
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Figure 25. Density plot of the growth rates of LL fragments in the wild, nursery and outplants.
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Figure 26. Density plot of the growth rates of HiC fragments in the wild and nursery. The two highest growth
rates are from the wild colony and could not be removed, since there are only three measurements of the wild
colony.
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Figure 27. Density plot of the growth rates of all fragments in all structures except for the outplants.
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Figure 28. Density plot of the initial primary branch length of all trees. This data has been log-transformed to
improve normality.
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Figure 29. Density plot of the growth rate in perimeter (cm/30 days) of elkhorn. Because of the small sample
size, this data has not been transformed.
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Figure 30. Density plot of the growth rate in surface area (cm2/30 days) of elkhorn. Because of the small
sample size, this data has not been transformed.

Appendix II: other tests

Again, all trees and the outplants were tested against each other, but this time with the total length
data. There were significant differences (p<0.001, ANOVA) and using a TukeyHSD-test it became
clear that, with this data, there was again the difference between tree T (-4.78 ± 1.41 mm/30d) and
all others. In addition, these data also suggest a difference between tree A (5.17 ± 1.11 mm/30d)
and tree J (1.10 ± 2.28 mm/30d) (p=0.011).
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Figure 31. Growth rates of the fragments in all trees and the outplants, based on total length data. The same
letter means no significant difference between those trees. Whiskers show 95% confidence limits, the black
dot shows the mean.

Appendix III: results tables
All tables below follow the same order as described in the results.
Table 4. Output of ANOVA-test for growth rates of fragments of different mother colonies, based on primary
branch lengths.
(Intercept)
subacfgj$MothercolonyLL

Estimate Std. Error t value Pr(>|t|)
2.3553
0.4841
4.865 3.96e-06 ***
1.2236
0.5798
2.110
0.0371 *

Table 5. Output of ANOVA-test for growth rates between different structures, based on pbl.
(Intercept)
PBLdata$TreeC
PBLdata$TreeF
PBLdata$TreeG
PBLdata$TreeJ
PBLdata$TreeO
PBLdata$TreeR
PBLdata$TreeT

Estimate Std. Error t value
5.0297
0.5502
9.142
-2.5769
0.8658 -2.976
-2.3396
0.8329 -2.809
-2.5000
0.8235 -3.036
-4.4836
1.1599 -3.865
-1.7865
0.8329 -2.145
-1.6887
0.8786 -1.922
-9.8253
0.8786 -11.183

Pr(>|t|)
< 2e-16
0.003352
0.005566
0.002784
0.000159
0.033411
0.056305
< 2e-16

***
**
**
**
***
*
.
***

Table 6. Post-hoc TukeyHSD results of growth rates of different structures, based on pbl.
C-A
F-A
G-A
J-A
O-A
R-A
T-A
F-C
G-C
J-C
O-C
R-C
T-C
G-F
J-F
O-F
R-F

diff
lwr
upr
p adj
-2.57694260 -5.2348755 0.08099028 0.0646372
-2.33961198 -4.8965942 0.21737024 0.0997571
-2.50001198 -5.0280057 0.02798176 0.0549516
-4.48356508 -8.0444729 -0.92265731 0.0038817
-1.78652120 -4.3435034 0.77046102 0.3908239
-1.68873647 -4.3859919 1.00851895 0.5378105
-9.82531779 -12.5225732 -7.12806236 0.0000000
0.23733062 -2.5727826 3.04744385 0.9999959
0.07693062 -2.7068313 2.86069258 1.0000000
-1.90662248 -5.6534401 1.84019516 0.7719509
0.79042140 -2.0196918 3.60053463 0.9888051
0.88820613 -2.0501208 3.82653305 0.9829321
-7.24837518 -10.1867021 -4.31004826 0.0000000
-0.16039999 -2.8479419 2.52714192 0.9999996
-2.14395310 -5.8198466 1.53194045 0.6273492
0.55309078 -2.1617365 3.26791809 0.9984853
0.65087551 -2.1964594 3.49821041 0.9968517
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T-F
J-G
O-G
R-G
T-G
O-J
R-J
T-J
R-O
T-O
T-R

-7.48570580
-1.98355310
0.71349078
0.81127551
-7.32530581
2.69704388
2.79482861
-5.34175270
0.09778473
-8.03879658
-8.13658131

-10.3330407
-5.6393413
-1.9740511
-2.0100558
-10.1466371
-0.9788497
-0.9799856
-9.1165669
-2.7495502
-10.8861315
-11.1105256

-4.63837090
1.67223513
3.40103269
3.63260680
-4.50397451
6.37293743
6.56964279
-1.56693852
2.94511963
-5.19146169
-5.16263700

0.0000000
0.7092189
0.9920800
0.9872467
0.0000000
0.3264490
0.3148456
0.0006293
1.0000000
0.0000000
0.0000000

Table 7. Output of ANOVA-test for growth rates between different structures, based on total length data.
(Intercept)
totreg$TreeC
totreg$TreeF
totreg$TreeG
totreg$TreeJ
totreg$TreeO
totreg$TreeR
totreg$TreeT

Estimate Std. Error t value Pr(>|t|)
5.1724
0.5426
9.533 < 2e-16 ***
-2.3969
0.8422 -2.846 0.00498 **
-2.1357
0.8121 -2.630 0.00934 **
-1.8276
0.8121 -2.251 0.02571 *
-4.0737
1.1439 -3.561 0.00048 ***
-1.2982
0.8214 -1.580 0.11587
-0.9259
0.8665 -1.069 0.28679
-9.9568
0.8665 -11.491 < 2e-16 ***

Table 8. Post-hoc TukeyHSD results of growth rates of different structures, based on total length data.
C-A
F-A
G-A
J-A
O-A
R-A
T-A
F-C
G-C
J-C
O-C
R-C
T-C
G-F
J-F
O-F
R-F
T-F
J-G
O-G
R-G
T-G
O-J
R-J
T-J
R-O
T-O
T-R

diff
-2.3968941
-2.1356550
-1.8275834
-4.0737002
-1.2982050
-0.9258858
-9.9568044
0.2612391
0.5693106
-1.6768061
1.0986891
1.4710082
-7.5599104
0.3080715
-1.9380452
0.8374500
1.2097691
-7.8211495
-2.2461168
0.5293785
0.9016976
-8.1292210
2.7754952
3.1478143
-5.8831042
0.3723191
-8.6585995
-9.0309186

lwr
-4.9819595
-4.6283489
-4.3202774
-7.5848850
-3.8194826
-3.5854780
-12.6163966
-2.4495353
-2.1414638
-5.3460286
-1.6383925
-1.3939883
-10.4249069
-2.3147624
-5.5427856
-1.8125643
-1.5721664
-10.6030849
-5.8508572
-2.1206358
-1.8802379
-10.9111565
-0.8490698
-0.5742900
-9.6052086
-2.4352568
-11.4661754
-11.9633360

upr
0.1881714
0.3570390
0.6651105
-0.5625154
1.2230727
1.7337063
-7.2972123
2.9720135
3.2800851
1.9924164
3.8357707
4.3360047
-4.6949138
2.9309054
1.6666952
3.4874642
3.9917046
-5.0392140
1.3586236
3.1793927
3.6836330
-5.3472855
6.4000602
6.8699187
-2.1609999
3.1798951
-5.8510235
-6.0985011

p adj
0.0907989
0.1526799
0.3275144
0.0110789
0.7613181
0.9623911
0.0000000
0.9999899
0.9981623
0.8549397
0.9212125
0.7639424
0.0000000
0.9999611
0.7189261
0.9780144
0.8842483
0.0000000
0.5442542
0.9986672
0.9746366
0.0000000
0.2730396
0.1647648
0.0000747
0.9999115
0.0000000
0.0000000

Table 9. Output of ANOVA-test for growth rates between rows on trees of the main nursery, based on pbl.
Estimate Std. Error t value Pr(>|t|)
(Intercept)
3.61087
1.02420
3.526 0.00102 **
subtrees$RowTLb -0.21863
1.44843 -0.151 0.88072
subtrees$RowTLc -2.21495
1.44843 -1.529 0.13354
subtrees$RowTLd 0.06164
1.44843
0.043 0.96625
subtrees$RowTLe 1.84966
1.44843
1.277 0.20845
subtrees$RowTLf 0.27071
1.44843
0.187 0.85262
subtrees$RowTLg 1.06018
1.44843
0.732 0.46817
subtrees$RowTLh 0.99439
1.44843
0.687 0.49606
subtrees$RowTLi 2.21150
1.61940
1.366 0.17916

Table 10. Output of ANOVA-test for growth rates between rows on ladders of the main nursery, based on pbl.
Estimate Std. Error t value Pr(>|t|)
(Intercept)
2.59439
0.92120
2.816 0.00685 **
subladder$RowTLb 0.05733
1.20614
0.048 0.96227
subladder$RowTLc 0.09738
1.20614
0.081 0.93596
subladder$RowTLd -1.21691
1.33848 -0.909 0.36745
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subladder$RowTLe

0.31915

1.30278

0.245

0.80744

Table 11. Output of ANOVA-test for growth rates between rows on trees of the small nursery, based on pbl.
Estimate Std. Error t value Pr(>|t|)
(Intercept)
-1.720
1.184 -1.453
0.155
subsmall$RowTLb
2.089
1.718
1.216
0.231

Table 12. Output of ANOVA-test for growth rates between tree A and the outplants, based on pbl.
(Intercept)
Selao$TreeO

Estimate Std. Error t value Pr(>|t|)
5.0297
0.4553 11.048 2.3e-15 ***
-1.7865
0.6892 -2.592
0.0123 *

Table 13. Output of ANOVA-test for growth rate between nursery locations, based on pbl.
(Intercept)
subacftr$GroupsR
subacftr$GroupsT

Estimate Std. Error t value Pr(>|t|)
3.5788
0.3604
9.931
<2e-16 ***
-0.2379
0.7895 -0.301
0.764
-8.3744
0.7895 -10.607
<2e-16 ***

Table 14. Output of the TukeyHSD-test for growth rates between nursery locations, based on pbl.
diff
lwr
upr
p adj
R-ACF -0.2378617 -2.112919 1.637195 0.9512175
T-ACF -8.3744430 -10.249500 -6.499386 0.0000000
T-R
-8.1365813 -10.495976 -5.777187 0.0000000

Table 15. Output of ANOVA-test for initial primary branch lengths between nursery locations, based on pbl.
Estimate Std. Error t value Pr(>|t|)
(Intercept)
4.73463
0.03233 146.466 < 2e-16 ***
subacftr$GroupsR -0.20332
0.07082 -2.871 0.00489 **
subacftr$GroupsT -0.52971
0.07082 -7.479 1.73e-11 ***

Table 16. Output of the TukeyHSD-test for initial primary branch lengths between nursery locations, based on
pbl.
diff
lwr
upr
p adj
R-ACF -22.72895 -41.99006 -3.467836 0.0163189
T-ACF -48.77895 -68.04006 -29.517836 0.0000001
T-R
-26.05000 -50.28637 -1.813633 0.0319968

Table 17. Output of the ANCOVA-test for interaction between pbl and tree on growth rates between nursery
locations. Primary branch length has been log-transformed.
(Intercept)
subacftr$GroupsR
subacftr$GroupsT
subacftr$GroupsACF:log(subacftr$PBL)
subacftr$GroupsR:log(subacftr$PBL)
subacftr$GroupsT:log(subacftr$PBL)

Estimate Std. Error t value Pr(>|t|)
12.488
5.625
2.220 0.028477 *
-51.882
12.852 -4.037 0.000100 ***
4.824
11.104
0.434 0.664840
-1.882
1.186 -1.587 0.115495
9.431
2.546
3.704 0.000334 ***
-5.257
2.271 -2.315 0.022492 *

Table 18. Output of the ANCOVA-test for interaction between initial pbl and trees on growth rates, based on
pbl. Initial pbl has been log-transformed.
Estimate Std. Error t value Pr(>|t|)
log(PBLdata$PBL)
-1.1094
4.3381 -0.256 0.798486
subabo$TreeA
10.1799
20.1447
0.505 0.614029
subabo$TreeC
5.0009
9.4639
0.528 0.597954
subabo$TreeF
11.8377
9.9153
1.194 0.234323
subabo$TreeG
-1.1530
13.4600 -0.086 0.931845
subabo$TreeJ
-6.8165
13.8891 -0.491 0.624266
subabo$TreeR
-39.3937
11.2024 -3.517 0.000572 ***
subabo$TreeT
17.3116
9.2809
1.865 0.064007 .
log(subabo$PBL): subabo$TreeC
0.5579
4.7956
0.116 0.907539
log(subabo$PBL): subabo$TreeF -0.7370
4.7760 -0.154 0.877569
log(subabo$PBL): subabo$TreeG
1.8749
5.1606
0.363 0.716867
log(subabo$PBL): subabo$TreeJ
2.9791
5.2758
0.565 0.573096
log(subabo$PBL): subabo$TreeR 10.5404
4.9911
2.112 0.036285 *
log(subabo$PBL): subabo$TreeT -4.1480
4.8650 -0.853 0.395161
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Table 19. Output of ANOVA-test for growth rate between mother colony LL, LL fragments in the nursery and
outplants, based on pbl.
(Intercept)
ll$LocationN
ll$LocationO

Estimate Std. Error t value Pr(>|t|)
5.845
1.462
3.999 0.000121 ***
-2.266
1.500 -1.511 0.133792
-2.602
1.579 -1.648 0.102396

Table 20. Output of TukeyHSD post-hoc test of growth rates between mother colony LL, LL fragments in the
nursery and outplants, based on pbl.
diff
lwr
upr
p adj
N-M -2.2664719 -5.833463 1.300519 0.2898637
O-M -2.6021184 -6.357354 1.153117 0.2303507
O-N -0.3356464 -1.963748 1.292455 0.8760356

Table 21. Output of ANOVA-test for growth rates between mother colony HiC and HiC fragments in the
nursery, based on pbl.
(Intercept)
hic$LocationN

Estimate Std. Error t value Pr(>|t|)
11.231
1.624
6.915 5.72e-08 ***
-8.876
1.696 -5.233 8.57e-06 ***

Table 22. Output of ANOVA-test for growth rates between branching and non-branching corals, based on total
lengths.
(Intercept)
totreg$BranchingN

Estimate Std. Error t value Pr(>|t|)
4.7851
0.4357 10.982 < 2e-16 ***
-3.5838
0.5696 -6.292 2.46e-09 ***

Table 23. Output of regression analysis (generalised liner model) between total length and amount of side
branches of the fragments.
Estimate Std. Error z value Pr(>|z|)
(Intercept)
-2.423716
0.447666 -5.414 6.16e-08 ***
subeind$Total 0.014285
0.002034
7.022 2.18e-12 ***
Dispersion parameter for poisson family taken to be 1

Table 24. Output of regression analysis (generalised liner model) between amount of side branches of the
fragments and individual time in the nursery.
glm t-Nzij
Estimate Std. Error t value Pr(>|t|)
(Intercept) -1.73073
1.02406
-1.69
0.1002
Indtime
0.02529
0.01462
1.73
0.0927 .
Dispersion parameter for quasipoisson family taken to be 2.003544

Appendix IV: images

Figure 32. Sketch of the main nursery indicating the different trees, ladders, outplanting structure and
orientation. The island of Saba is located to the East (see also figure 2).
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A

B

Figure 33. Photos of mother colony Ladder Labyrinth, suffering from white band disease, taken on (A) 22-022017 and (B) 28-04-2017. It is clear that the amount of living tissue decreased further over this period of time.
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A

B

Figure 34. Photos of mother colony Hole in the Corner, taken on 20-03-2017(A) and 24-04-2017 (B). The
loose fragments visible on the left in photo A are dead in photo B. Although the first photo has been taken
from a little further distance, when being compared, growth is still visible over this one month (for example
look at the branches within the red circle).
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B

Figure 35. Fragments collected from around mother colony Ladder Labyrinth (A) and Hole in the Corner (B) to
be further broken/cut and used in the main nursery.
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Figure 36. All known locations of staghorn in the marine park of Saba. Yellow spots mean that they are known,
green that they are also used in the nurseries and red that someone reported to have seen it, but it has not
been confirmed/found yet.

Figure 37. Elkhorn fragment grew already over its line, photo taken 18 days after placing in the nursery.
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