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Abstract The three-dimensional (3D) structure of living
coral communities provides frictional resistance to waves
and currents. Coral bleaching events can lead to a shift in
coral assemblages toward stress-tolerant colonies, poten-
tially reducing reef structural complexity and, in turn, wave
attenuation. This is a particular concern in low-lying
coastal regions at risk from sea-level rise. In this study, we
examined trade-offs between reef resilience and reef
structural complexity (defined into three distinct variables,
i.e., surface rugosity, standard deviation of elevation, and
terrain ruggedness) in Kiribati’s Tarawa and Abaiang
Atolls, which are subject to frequent El Nifio-driven heat
stress. Analysis of benthic cover data and 3D reconstruc-
tions of the fore reefs indicate that structural complexity
increases with coral cover, rather than coral diversity,
although the relationship depends on the metric used and
on the morphology of the dominant coral species. Contrary
to expectations, surface rugosity and standard deviation of
elevation were not significantly different between the
bleaching-resistant reefs of South Tarawa, dominated by
the encrusting species Porites rus, and the more diverse
sites in Abaiang and North Tarawa; terrain ruggedness was
significantly greater at South Tarawa sites. A wave atten-
uation model, however, suggested that wave energy may
nonetheless be higher in South Tarawa due to years of local
mining of reef rock from the reef flat. Taken together, the
results suggest that the survival of stress-tolerant corals
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could mitigate against losses of structural complexity from
repeated bleaching events. These findings illustrate the
need for more research bridging ecology and geology to
establish how wave attenuation is altered by climate-driven
regime shifts on coral reefs.
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Introduction

Coral reefs protect shorelines and can reduce up to 97% of
offshore wave energy (Ferrario et al. 2014). Shoreline
protection is critical for low-lying atolls and reef islands
that are vulnerable to the impacts of rising sea-level and
high wave events (Storlazzi et al. 2018; Costa et al. 2019).
The interaction between sea-level, waves, and reef prop-
erties such as topography, bottom roughness, and size
governs nearshore hydrodynamics on atolls and together
influences the extent to which islands are impacted by the
sea (Kench and Brander 2006; Quataert et al. 2015). In
general, wider reef flats with a lower water depth better
dissipate offshore wave energy through bed friction com-
pared to narrow reef flats with a higher water depth (Kench
and Brander 2006). Additionally, a greater bottom rough-
ness on the reef flat results in decreased wave runup
because surface roughness creates frictional drag as the
waves and currents pass over the reef.

The relative importance of bottom friction on the reef
flat depends on the fore reef slope and complexity. For
coral reefs with a steep slope, bottom friction on the reef
flat is negligible as a means of dissipating wave energy
compared to turbulence, while the opposite is true for
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relatively flat reefs (Gourlay and Colleter 2005; Quataert
et al. 2015). The role of fore reef structural complexity on
the reef in wave attenuation is less clear; Quataert et al.
(2015) reported that increased fore reef friction generates
higher wave-induced setup and thus results in greater wave
runup, whereas Monismith et al. (2015) found that reefs
with high geometric complexity provide greater shoreline
protection.

It is generally well accepted that the effectiveness of
wave energy dissipation by coral reefs is likely to diminish
under projected climate change scenarios (Sheppard et al.
2005; Monismith et al. 2015; Quataert et al. 2015). An
increase in the frequency and intensity of coral bleaching,
in combination with the effects of ocean acidification and
local human disturbance, can reduce reef structural com-
plexity, reef integrity, and reef accretion by reducing the
extent, diversity, and growth rate of living corals (Harris
et al. 2018; Perry et al. 2018; Cornwall et al. 2021). For
example, coral loss from anomalous sea surface tempera-
tures (SST) and mass bleaching events have led to declines
in rugosity (Couch et al. 2017; Magel et al. 2019), coral
skeletal integrity (Leggat et al. 2019), and reef carbonate
production (Lange and Perry 2019; Courtney et al. 2020).
In addition, sea-level rise is expected to raise mean water
depths across a reef thereby allowing higher wave energy
to propagate onto reef surfaces resulting in decreased
shoreline protection (Sheppard et al. 2005). Sea-level rise
combined with slow or nonexistent coral growth due to
bleaching, acidification, and other stressors may lead to
“drowned” reefs where reef growth fails to keep pace with
rising sea level (Perry et al. 2018; Cornwall et al. 2021).
Net accretion of reefs cease when rates of erosion exceed
the rates of growth and recruitment, resulting in decreased
capacity to attenuate offshore wave energy (Principe et al.
2012).

A challenge in studying the effects of climate change on
coral reef ability to attenuate waves is that reefs are highly
dynamic and heterogeneous systems composed of varying
coral species and morphologies (Graham and Nash 2013).
Predicting the impact of reduced coral structural com-
plexity and biodiversity on coastlines with greater confi-
dence requires accurately evaluating how the structural
complexity of these ecosystems responds to environmental
changes (Burns et al. 2015). Studies investigating wave
dissipation across a reef have generally focused on col-
lected field measurements of waves using relatively healthy
reefs with high coral cover and biodiversity, and less steep
reef faces (i.e., > 1:10 steepness; e.g., Monismith et al.
2015; Quataert et al. 2015). As climate continues to warm,
there will be a continuing shift in benthic composition
toward reefs with lower coral cover and/or dominated by
fewer, stress-tolerant coral species (Graham et al. 2015;
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Stuart-Smith et al. 2018), with potential consequences for
reef structural complexity and wave attenuation.

The equatorial Gilbert Islands of the Republic of Kiri-
bati, a series of populated low-lying atolls and reef islands
exposed to frequent El Nifio/Southern Oscillation (ENSO)-
driven heat stress, are a unique and critical location to
evaluate the effect of climate-driven shifts in benthic cover
on reef ability to protect shorelines. In addition to frequent
heat stress, the reefs of South Tarawa, the capital of Kiri-
bati and home to over 50% of the country’s population
(63,439 inhabitants), have experienced high nutrient, sed-
imentation, and fishing pressure as well as mining of rock
from reef flats for construction of homes and sea walls
(Donner and Carilli 2019). However, benthic surveys find
that resistance to heat stress is highest in South Tarawa
reefs, rather than the less disturbed reefs of lightly popu-
lated North Tarawa and other neighboring atolls (Donner
et al. 2010; Donner and Carilli 2019). The bleaching
resistance at heavily disturbed sites is due to survival of a
single opportunistic encrusting coral species, Porites rus,
which has thrived despite exposure to sewage pollution and
sediment loading (Cannon et al. 2021). The resilience of
sites dominated by a single species with low morphological
complexity suggests a possible trade-off between reef
resilience to climate change and fore reef structural com-
plexity. A possible decline in structural complexity is a key
concern for atoll nations coping with the compounding
effects of ocean warming, ocean acidification, sea-level
rise, and local population pressure.

In this study, we investigate possible trade-offs between
reef resilience and structural complexity, and the implica-
tions for reef ability to attenuate wave energy and protect
shorelines, using in situ observations from Kiribati’s Tar-
awa and Abaiang Atolls. The outer reefs of the two close
neighboring atolls are an ideal location for this research,
because their coral assemblages have responded differently
to similar ENSO-driven heat stress over the past two dec-
ades. We first compute fore reef benthic cover and struc-
tural complexity for 16 sites across the two atolls using
three-dimensional (3D) reconstructions of the fore reefs
across all sites. We then evaluate relationships between
fore reef benthic composition and structural complexity
metrics and test for differences in structural complexity
between atolls. In addition, to explore other potential
influences on wave attenuation, we use a simple wave
energy model (Sheppard et al. 2005) to estimate the effect
of the fore reef slope and reef flat characteristics on wave
attenuation. This analysis allows us to test the specific
hypothesis that structural complexity is lower among the
bleaching-resistant Porites rus-dominated reefs in South
Tarawa, and to broadly assess the relevance for wave
attenuation in light of human disturbances like reef flat
mining.
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Materials and methods
Study site

In April and May 2018, 3D reef structure was surveyed at
16 fore reef sites around the Republic of Kiribati’s Tarawa
(1°30’ N, 173° E) (n = 10) and Abaiang (1°50° N, 173° E)
(n = 6) Atolls in the central equatorial Pacific (Fig. 1;
Table S1). The selected atolls are narrow and roughly two-
thirds of the land is less than 2 m above mean sea-level
(Woodroffe 2008; Aung et al. 2009). The field sites were
chosen based on previous surveys, diversity of human
disturbance and reef environments, and accessibility

(Donner et al. 2010; Donner and Carilli 2019). Reef access
is limited on the eastern rims of the atolls, which are
exposed to open ocean swells; the North Tarawa site TOS
and South Tarawa site T16, accessible during calm con-
ditions, were included in this study in order to incorporate a
wave-exposed site and a reef flat exposed to limited mining
(TOS). A local human disturbance metric was calculated for
each site as the natural logarithm of the population of the
nearest village divided by the distance to the center of the
nearest village (Ministry of Finance and Economic
Development 2016; Donner and Carilli 2019).
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Fig. 1 Map of fore reef study sites around Tarawa and Abaiang,
Republic of Kiribati. Sites in South Tarawa are shown in green and
sites in North Tarawa and Abaiang are shown in purple. The sites are

divided into four levels of local human disturbance metric. Inset
shows the location of the Republic of Kiribati’s Tarawa and Abaiang
Atolls in the central equatorial Pacific Ocean
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Benthic composition

Following a protocol used at these field sites since 2010,
benthic composition and coral size structure were quanti-
fied using a single 50-m transect tape haphazardly laid
along the fore reef at 10 m depth, with one transect per site
(Donner and Carilli 2019). At 50-cm intervals along the
transect, 0.33 m*-sized quadrat photographs were taken and
processed using Coral Point Count with Excel Extensions
(CPCe) Research Software (version 4.1; Kohler and Gill
2006), following methods used in Cannon et al. (2019).
Benthic cover was manually identified to the genus level
for coral (with the exception of Porites rus) and macroal-
gae, and to functional groups for sponges, soft coral, algal
turf, crustose coralline algae, and cyanobacteria. The
sampling protocol was designed to capture the variance in
the cover of common coral taxa at the field sites (Donner
and Carilli 2019).

Structural complexity

At each site, high resolution images of the benthic substrate
were collected over a 10 m x 10 m plot, situated such that
the deep, seaward side lay in the middle of the 50-m
transect. This design allowed the plot to be representative
of the benthic cover of the site, following the established
sampling protocol, as well as the slope of the site toward
the reef crest while still maintaining a safe distance from
the breaking waves. Diving weights were used as ground
control points (GCPs) and were placed at the corners of the
plot at known depths to enable accurate orthorectification
of the resulting 3D reconstructions. A transect tape along
the margin of the plot was also used to validate the spatial
accuracy of the 3D models. Images of the reef substrate
were collected with 70 to 80% overlap from both planar
and oblique angles while swimming in a lawnmower pat-
tern (Fig. S1) approximately 2 m above the substrate.
Images were taken with a Canon PowerShot G7 X Mark II
digital SLR camera with a 24-mm lens in a Fantasea FG7X
II housing.

Images were processed using Agisoft Metashape to
construct two-dimensional orthophotomosaics and 3D
reconstructions of the reef plots. The SfM workflow gen-
erates a dense 3D point cloud that represents the structure
of the substrate using X, y, and z data points, and a digital
elevation model (DEM) that is a raster representing the 3D
elevation of the substrate as a grid of cells. The ground
sample distance (resolution/pixel) for all 3D reconstruc-
tions was less than 0.01 m/pix, and all the DEMs were
rendered with a cell size of 1.0 cm, which is within the
range of the ground sampling distance. The mosaics and
DEMs are projected using the same local coordinate sys-
tem, so they can be layered to perform identification and
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measurements of individual coral colonies. The model
construction process follows details given by Burns et al.
(2015).

Three geospatial metrics were quantified as proxies for
structural complexity—surface rugosity, standard deviation
of elevation, and terrain ruggedness—using the 3D analyst
and spatial analyst tools in ArcMap (version 10.6.1). The
raster cells of the DEM were set to 1 cm to capture the
intricate structural differences among the various mor-
phologies of the surveyed coral colonies. Surface rugosity
(or tortuosity) was quantified as per Magel et al. (2019) and
Carlot et al. (2020) for each reef plot and for all digitized
polygons representing the benthic habitat. The standard
deviation of elevation (SDE; or root mean square height)
describes the variability of elevation values, here defined as
within a 3 x 3 cell moving window (Leon et al. 2015).
Higher values indicate areas of more pronounced vertical
variation and thus more complex terrain. Terrain rugged-
ness was quantified using the ‘benthic terrain modeler’ tool
in ArcMap as per Magel et al. (2019). This method
encapsulates the variability in slope and aspect into a single
value with values ranging from zero with no terrain vari-
ation to one with complete terrain variation (Sappington
et al. 2007).

Benthic features were manually annotated on the
orthophotomosaics following the procedure described by
Burns et al. (2015). Unique polygon shapefiles were cre-
ated for all individual living and recently dead major reef-
building adult corals (> 5 cm diameter) and all sand pat-
ches in a smaller 8 m x 8 m plot within the larger
10 m x 10 m surveyed reef plot. A smaller plot was
selected within each 3D model in order to account for
variation in the size and shape of each surveyed reef plot.
The reef building coral colonies (8,929 total adult coral
colonies) were annotated following the categories Acrop-
ora, Favidae, Heliopora, Pocillopora, Porites rus, massive
Porites, other branching coral, and other massive coral; the
classification is based on the most common coral taxa in
the Gilbert Islands (Donner and Carilli 2019). We retain
Favidae as a category despite recent revisions to the tax-
onomy for consistency with previous data, and due to the
commonality in morphology of the species present. For
each 8 m x 8 m plot, the coverage of each of the taxa was
calculated by determining the total area occupied by each
taxa and dividing by the total area of the reef plot. The
surface rugosity was also calculated for each adult coral.

To examine the relationship between the structural
complexity of different coral morphologies, each major
reef-building coral was assigned to one of three growth
forms (Magel et al. 2019): branching (Acropora, Helio-
pora, Pocillopora, other branching coral), massive (Favi-
dae, massive Porites, other massive coral), or Porites rus.
Porites rus was assigned its own morphology category



Coral Reefs (2022) 41:369-382

373

because it is dominant in South Tarawa reefs (Donner and
Carilli 2019) and has a locally distinctive morphology
(encrusting with plating and branching features). The
coverage and surface rugosity of each of the three mor-
phological categories was calculated using the methods
outlined above for coral taxa, and statistically analyzed
using ANOVA and Kruskal-Wallis tests and subsequent
Tukey’s Honestly Significant Difference post hoc test.

Coastal measurements

To examine the influence of other physical factors on wave
energy reaching the shoreline, the reef flat width (W),
surface roughness, and reef flat depth at high tide were
measured at all Tarawa sites except TO7, which is distant
from land. Surveys were not carried out at the Abaiang
sites or TO7 since they were not adjacent to land or
accessible (i.e., no roads nearby or private property). The
reef flat width was measured using Google Earth and was
calculated as the distance between the reef crest and the
beach. To estimate surface roughness, in situ photographs
were taken from the beach to the reef crest during low tide
and then converted into friction factor (f,,) values (ranging
from 0.08 for sand to 0.2 for rough uneroded coral) based
on criteria outlined by Sheppard et al. (2005). The reef flat
depth at high tide was estimated using standard trigono-
metric calculations based on visual observations of the high
tide water line evidenced by the deposition of debris and
algae.

The percent of offshore wave energy reaching the
shoreline behind the reef was estimated at each Tarawa site
(except TO7) using a model developed by Sheppard et al.
(2005). The model estimates wave energy at the shoreline
based on inputs of reef profile factor (K,), tangent angle of
the reef face or rim (tan oy..r), offshore wave height (H,),
reef flat water depth (h,), depth of reef edge (h.), initial
estimation of wave setup (n,;), atmospheric surge (ny),
beach slope gradient angle (tan Oyeacn), reef flat width (W),
increment in wave height decay (dy), and fy, on the reef flat.
This one-dimensional spreadsheet based model was cho-
sen, even though it does not incorporate the effects of fore
reef surface roughness, because of the results of the
structural complexity analysis (see “Results”), and because
the input data necessary to execute a more advanced multi-
dimensional hydrodynamic model were not physically
possible to collect at these exposed and remote field sites.

For all sites, H, was set at 1.5 m, based on the mean
value from NOAA’s Wavewatch III model during the
2009-2010 boreal winter when Tarawa experienced
ENSO-driven high waves and shoreline damage. The h,
was set at 1.41 m based on the 2018 mean tidal range in
Betio, Kiribati, available from the Australian Bureau of
Meteorology. All reef flats were standardized with a tan

Olpeach Of 0.125, tan o.os of 0.036, and d, of 5, based on
inputs for other reef-lined shorelines (Sheppard et al.
2005). The values for W and f,, were modified according to
the coastal measurements above. Estimates for K, were
based on the fore reef slope of each site computed from the
photomosaic and the corresponding K, value outlined in
Table 2 of Sheppard et al. (2005).

Statistical analyses

Statistical analyses were conducted using R version 3.5.1
(R Core Team 2019). Information-theoretic model selec-
tion procedures were used to examine the influence of local
stressors, as represented by the human disturbance metric
and the variability of maximum SST (Donner 2011), on
coral reef surface rugosity, standard deviation of elevation,
and terrain ruggedness. For each structural complexity
metric, linear mixed-effects (LME) models were fit with
local human disturbance and the density of each of the
coral morphologies used as fixed effects and atoll as a
random effect (to account for non-independence among
sites at the same atoll). Since the coral cover for each of the
growth forms calculated using the photomosaics and
quadrat photos was highly correlated (p < 0.001), only the
data quantified from the photomosaics were used for the
models. Prior to statistical modelling, all fixed effects
variables were standardized to a mean of zero and a stan-
dard deviation of one using the function ‘rescale’ (in
package arm; Gelman and Yu-Sung 2018) to allow for
comparison of the effect sizes of different variables (Gel-
man 2008). The coefficient of variability of maximum
annual SST (CVggt) for each of the field sites was com-
puted using 1985 to 2017 daily SST data from NOAA
Coral Reef Watch’s CoralTemp V1.0 dataset. We explored
the possibility of including CVggt as a fixed effect; how-
ever, this was ultimately deemed to be unnecessary because
of the similarity of CVggr across the sampled sites.

For each structural complexity metric, 15 models were
evaluated by fitting every combination of variables
(Table S2). The small-sample corrected Akaike informa-
tion criterion (AICc) was used to compare models and
estimate the magnitude of differences between models with
respect to expected predictive power. The AIC. values
were also used to produce a set of all reasonably well-
fitting models that are within 10 AAIC, of the best model
(Bolker et al. 2008). Within the set of reasonably well fit
models, model-averaged parameter estimates and 95%
confidence intervals for each predictor variable were cal-
culated in order to account for model uncertainty. The
relative variable importance (RVI) of individual parame-
ters was also determined using the function ‘importance’
by calculating the sum of the Akaike weights across all
models containing a given parameter with the most
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important parameter having a maximum possible value of
one. Models were fit using the R package nlme (Pinheiro
et al. 2019), and information-theoretic model selection was
performed using the package MuMIn (Barton 2019). As in
previous studies, for many analyses North Tarawa sites are
grouped with Abaiang sites due to their close proximity
and similar level of human disturbance (Donner and Carilli
2019).

In addition to our linear mixed-effects models, a vari-
ance partitioning analysis was used to determine the vari-
ance explained by local human disturbance and the
densities of branching, massive, and Porites rus corals for
each complexity metric, and to test for robustness of the
results given collinearity between variables. Permutation
tests (n = 1,000) were used to determine whether the pre-
dictor variables explained significant amounts of variation
in the structural complexity metrics. Redundancy analysis
(RDA) and variance partitioning were implemented using
the rda and varpart functions in the vegan package version
2.5-7 (Oksanen et al. 2020).

Results
Coral reef community composition across sites

The surveys find notable differences in the typical fore reef
coral community compositions between sites in South
Tarawa and sites in North Tarawa and Abaiang (Fig. 2), as
noted in earlier work (Donner and Carilli 2019). Reefs in
South Tarawa, on average, had a higher live coral cover
(34%) than sites in North Tarawa and Abaiang (17%).
North Tarawa and Abaiang had significantly more Hal-
imeda spp. (Kruskal-Wallis H =12.88, df=1,p<
0.001), while sites in South Tarawa had significantly more
cyanobacteria (H = 8.90, df = 1, p < 0.01; Fig. 2a). There
were also site-specific differences in the coral community
composition with sites in South Tarawa, on average, hav-
ing lower species evenness relative to sites in North Tar-
awa and Abaiang (Fig. 2b). Porites rus dominated reefs in
South Tarawa (H =12.18, df =1, p <0.001) with a
median of 91% of relative coral cover, with the exception
of site T16, the South Tarawa site most exposed to open
ocean swells. We found no sites in South Tarawa with
branching Acropora spp. and few with massive Porites and
Favidae. In contrast, sites in North Tarawa and Abaiang
were dominated by Heliopora, Favidae, massive Porites,
and Acropora.

Structural complexity across sites

The fore reef surface rugosity and SDE were not signifi-
cantly different between the atolls (Fig. 3). The terrain
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ruggedness was significantly higher (F =5.67, df =1,
p = 0.03) at the South Tarawa sites than at the North
Tarawa and Abaiang sites, although the difference was
small (0.11 £ 0.02 vs. 0.09 £ 0.01; mean & SD). On
average, sites with a lower human disturbance metric had a
lower average surface rugosity and terrain ruggedness. The
average local human disturbance value of the South Tar-
awa sites (8.02 £ 0.79; mean + SD) was significantly
higher (F =32.72, df =1, p <0.001) than that of the
North Tarawa and Abaiang sites (4.97 + 0.87; mean £
SD). As such, sites which experience greater local distur-
bance had a higher overall reef structural complexity than
sites that are further from a village or area with dense
population.

Coral taxa contribute differentially to structural
complexity

We examined the surface rugosity of individual features to
understand their relative contribution to overall structural
complexity at each site. Surface rugosity of individual
corals is influenced to a considerable extent by coral
morphology (One-way ANOVA; F=16095, df=2,
p < 0.001). Branching corals had a higher mean surface
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rugosity relative to the massive corals (Tukey’s HSD;
p < 0.001) and Porites rus (p = 0.01,; Fig. 4), but there
was no significant difference between massive corals and
Porites rus. Although Porites rus does not have as high a
surface rugosity compared to branching corals, Porites rus
contributes greatly to the overall surface rugosity of site
T10 because it dominates the coral cover of the fore reef at
that site (Fig. 2b). In contrast, although site A0O2 had a
higher diversity of coral taxa (Fig. 2b), the coverage of
branching corals (i.e., Heliopora, Pocillopora) was lower
compared to sites A05 and Al1, with the reduced coverage
resulting in a lower estimate of overall reef surface
rugosity. It is important to note that the mean surface
rugosity of each coral taxon is variable between sites, with
certain taxa having high surface rugosity values (i.e., sur-
face rugosity > 4) at some but not all sites (Fig. S2).

elevation (SDE), and c¢ terrain ruggedness. Orange dashed line
represents the mean for each atoll

Drivers of structural complexity

The linear mixed-effects models (Fig. 5) indicate that reef
structural complexity in Tarawa and Abaiang is predomi-
nantly determined by a combination of branching and
Porites rus coral cover. The strongest predictors varied
between surface rugosity, SDE, and terrain ruggedness,
with no single predictor variable consistently explaining
the reef structural complexity across all three metrics.
However, branching and Porites rus coral cover were the
strongest predictors of surface rugosity (Fig. 5a) with a
relative variable importance (RVI) of 0.51 and 0.4,
respectively (Table S3). None of the predictor variables
had a strong effect on SDE (Fig. 5b), with the most
important parameter, branching coral, only generating an
RVI of 0.29 (Table S4). The coverage of Porites rus and
branching corals were the most important predictors of reef
terrain ruggedness with an RVI of 0.91 and 0.55, respec-
tively (Table S5). The abundance of Porites rus was a
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significant positive predictor of terrain ruggedness and not
surprisingly sites with greater coverage of Porites rus (i.e.,
sites around South Tarawa) were associated with a higher
terrain ruggedness (Fig. 5c). The abundance of branching
corals had a weak positive influence on all three structural
complexity metrics as shown by the 95% confidence
intervals overlapping zero. Local human disturbance and
massive coral cover had very weak influences on all three

structural complexity metrics, with rugosity and SDE
slightly lower on reefs with a higher local disturbance
value. We repeated the LME analysis using additional
variables, CVggt and average water depth of the fore reef
plot, and found both variables did not contribute strongly to
any of the three complexity metrics.

Variance partitioning analysis confirmed that the con-
ditional effect of Porites rus and branching coral cover
explained the most variance in surface rugosity, 20.7% and
14.2%, respectively (adjusted R?; Fig. 6a and Table S6). In
addition, 28.7% of the explained variation in rugosity was
an interactive effect between the cover of Porites rus and
branching corals (p = 0.045; Table S7). The conditional
effect of Porites rus and branching coral cover explained
25.5% and 15.8% of the variation in terrain ruggedness,
while the shared variance of local human disturbance and
Porites rus and massive coral cover was 19.7% (Fig. 6¢).
For both surface rugosity and terrain ruggedness, the
shared variance of Porites rus and massive coral cover
explained 13.4% and 13.8% of the variance (Fig. 6a,c).
Lastly, 38.4% of the explained variation in terrain
ruggedness was attributable to Porites rus (p = 0.08) and
the models for terrain ruggedness that had the variable
Porites rus were significant by permutation analysis
(Table S7). The shared variance of local human disturbance
and massive and branching coral cover explained the most
variance in SDE at 10.4% (Fig. 6b); however, permutation
testing found that the models were not significant
(Table S7).

Fig. 5 Multi-model-averaged
parameter estimates and 95% a b c
confidence intervals for
predictors of a surface rugosity, Porites rus 1 - —_— —_—
b standard deviation of
elevation (SDE), and c¢ terrain
ruggedness
Massive | ——%—— — A — —
Disturbance { ——#——— —_— ——
Branching * —_— I . a—

0.0
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Fig. 6 Variance partitioning for
a surface rugosity, b standard
deviation of elevation (SDE),
and c terrain ruggedness. The
total adjusted R and the amount
of variation attributed to human
disturbance, branching coral
cover, massive coral cover, and
Porites rus coral cover and the
interaction between them for the
complexity metrics. Variance
components < 0.001 not shown

Human Disturbance —

. Porites rus

Residuals = 0.776

Porites rus

Residuals = 0.945

' Porites rus

Residuals = 0.536
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Other influences on wave attenuation

Beach surveys found similar reef flat width and water depth
at the South Tarawa sites and the North Tarawa site, but a
large difference in the reef flat surface roughness (Table 1).
The reef flats around South Tarawa (Fig. 7a) are predom-
inantly smooth rock with 75% to 100% coverage by sea-
grass or algal turf, or sand and with less than 30% dead, but
not eroded coral or boulders. By contrast, the reef flat in
North Tarawa (T05) was predominantly (80%) dead intact
coral or boulders greater than 30 cm (Fig. 7b). This site
was broadly representative of reef flats around the north
end of Tarawa where there has been limited mining of reef
rock.

Based on the reef flat roughness characterizations by
Sheppard et al. (2005), the reef flats in South Tarawa had
an average f,, of 0.1 compared to the reef flat in North
Tarawa with an f,, of 0.2. Based on the wave energy model
by Sheppard et al. (2005), sites in South Tarawa had, on
average, 13% of the offshore wave energy reach the
shoreline behind each reef while the North Tarawa site had
only 8% of the offshore wave energy reach shore. In order
to evaluate the effect of reef flat mining, we repeated the
model runs for South Tarawa using the bottom roughness
of the North Tarawa site. When sites in South Tarawa were
assigned an f,, value similar to the North Tarawa site, wave
energy dissipation increased from 87 to 92% (Table S8).
Conversely, if the f,, value is increased to that of a
75-100% sand bottom, the South Tarawa reefs dissipate
4% less wave energy while the North Tarawa reefs would
dissipate 9% less wave energy (Table S8). As such, if the
reef flats around North Tarawa were to be mined leaving
only a sandy substrate, 17% of the offshore wave energy
would be expected to reach the shoreline compared to the
8% at present. Overall, reef flats with a higher roughness
will attenuate more offshore wave energy from reaching
the shore.

Discussion

Reefs with higher diversity of living corals have long been
generally assumed to also be more complex (Chabanet
et al. 1997; Bruno and Bertness 2001). A greater diversity
of physical habitats, however, does not necessarily trans-
late into a greater overall structural complexity; a thicket of
Acropora formosa can have higher structural complexity
than a reef of multiple species and growth forms. This
study finds greater or equivalent structural complexity at
more homogenous, bleaching-resistant reef sites in South
Tarawa compared to the more diverse sites in Abaiang and
North Tarawa. The South Tarawa reefs, unlike the Abaiang
and North Tarawa reefs, have maintained relatively high
coral cover despite multiple heat stress events over the past
twenty years due to the persistence and expansion of a
single bleaching-resistant coral species (Donner and Carilli
2019; Cannon et al. 2021). At these sites, reef complexity
increases with coral cover although the relationship
depends on the morphological and functional traits of the
dominant coral species. As such, the generally accepted,
positive association between diversity and structural com-
plexity may not be universal but more context specific. The
type and dominance of key reef-building corals can be just
as important as their overall abundance in maintaining reef
structural complexity, as proposed by Alvarez-Filip et al.
(2011). Below we discuss the findings in more detail and
the implications for measuring structural complexity and
for shoreline protection provided by coral reefs.

Structural complexity differs by metric, coral
morphology, and across atoll

Consistent methods for measuring structural complexity
are important given the role of structural complexity in
promoting recovery from disturbances (Graham et al.
2015) and in dissipating wave energy (Monismith et al.

Table 1 Comparison between

e Reef characteristic
reef characteristics across atolls

South Tarawa North Tarawa

Fore reef slope

Fore reef bottom roughness
(i.e., structural complexity)
Fore reef coral biodiversity
Fore reef live coral cover

Reef flat width

Reef flat water depth

Reef flat bottom roughness (f,,)

Steeper (avg. = 1:7) Gentle (avg. = 1:13)

Higher terrain ruggedness Lower terrain ruggedness
No significant differences in surface rugosity and SDE

Low species evenness
Higher (avg. = 34%)
Wide (avg. = 317.5 m)
Shallow (avg. = 1.75 m)
Smooth (avg. = 0.1)

Higher species evenness
Lower (avg. = 17%)
Wide (205 m)*

Shallow (1.8 m)*
Rough (0.2)*

*Data based on one North Tarawa reef flat (site TO5)
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Fig. 7 Typical reef flat
topography visible at low tide in
a South Tarawa and b North
Tarawa

2015). Through the SfM photogrammetry analysis, we
found that the relative difference in structural complexity
between the atolls was dependent upon the metric used to
measure complexity. Specifically, the surface rugosity and
SDE were not different between atolls, while the average
terrain ruggedness was significantly greater at the South
Tarawa sites, in particular sites T12 and TOS8. Furthermore,
through the effect size analysis, we determined that the
abundance of Porites rus and branching corals was posi-
tively related for all three complexity metrics, with the
strongest positive association between Porites rus and
terrain ruggedness. Terrain ruggedness is likely better able
to capture the fine-scale morphologies of branching and
plating forms of Porites rus, and therefore the metric was
highest at sites around South Tarawa where Porites rus is
dominant.

A number of studies have also reported significant
relationships between overall coral cover and structural
complexity (Alvarez-Filip et al. 2011; Darling et al. 2017,
Magel et al. 2019; Price et al. 2019; Carlot et al. 2020). In
contrast to previous studies (Alvarez-Filip et al. 2011;
Magel et al. 2019), we did not find a significant relationship
between massive coral cover and any of the reef com-
plexity metrics. The lack of a significant relationship may
be related to the specific history and the massive coral
assemblage at these sites. The mean coral size was small in
the 2018 surveys, particularly at Abaiang Atoll, because
massive species were affected by a 2013-2014 outbreak of
the corallivorous sea starfish Acanthaster cf solaris, or
Crown-of-Thorns, in addition to heat stress events (Cannon
et al. 2021). The massive and submassive coral assem-
blages around Tarawa and Abaiang Atolls are also

dominated by Porites lutea and Porites lobata, which have
more rounded surfaces with less fine-scale roughness rel-
ative to some of the massive coral species noted in other
studies (Montastraea around Cozumel, Mexico, Alvarez-
Filip et al. 2011; columnar or ridge-like structures in Kir-
itimati, Magel et al. 2019). Given the rounded dome
structure of many massive coral genera, the contribution of
massive corals to measures of reef complexity may also
depend strongly on the scale at which complexity is
quantified. The large-scale complexity of massive coral
assemblages may not contribute as strongly as the fine-
scale roughness of branching coral assemblages given the
calibration scale that we used in this study.

Through the mixed-effects models and variance parti-
tioning, we also found that while surface rugosity and SDE
were slightly lower on reefs with a higher local disturbance
value, the statistical relationship was weak. In contrast,
Magel et al. (2019) found that structural complexity of fore
reefs that have undergone heat stress declined with
increasing levels of human disturbance. As noted above,
nutrient loading and sedimentation in South Tarawa likely
contributed to the spread of Porites rus (Lovell et al. 2001;
Donner and Carilli 2019; Cannon et al. 2021), a resilient
opportunistic and generalist coral species (Darling et al.
2012). Porites rus is able to adjust to changes in environ-
mental conditions on short time scales (weeks) through
expression of attributes that maximize colony energy
acquisition (Padilla-Gamifio et al. 2012). Although the
Porites rus-dominated reefs are as or more structurally
complex than the North Tarawa and Abaiang reefs, it
remains to be seen whether these corals will be able to
vertically accrete fast enough to keep pace with rising sea
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levels (Perry and Morgan 2017; Perry et al. 2018), partic-
ularly given changing ocean carbonate chemistry (Kline
et al. 2019). Several recent studies have computed that a
shift to opportunistic, bleaching-resistant coral species
resulted in losses in coral-community calcification and thus
declined in reef structural complexity (Alvarez-Filip et al.
2013; Lange and Perry 2019; Courtney et al. 2020).

Coastal protection provided by reefs

Rising sea levels and wave-induced inundation threaten the
freshwater resources, agriculture, and the habitability of
low-lying atoll nations like Kiribati (Woodroffe 2008;
Storlazzi et al. 2018). Coral reefs can help mitigate impacts
of severe storm surges and limit coastal erosion in atolls
and other reef islands (Ferrario et al. 2014). The interaction
between sea level, waves, and reef properties such as
topography, roughness, and size governs nearshore hydro-
dynamics on atolls and together influences the extent to
which islands are impacted by an encroaching sea.

Ideally, a two-dimensional hydrodynamic model like
XBeach would be used to evaluate the influence of the
measured fore reef structural complexity on wave attenu-
ation relative to that of other important reef properties (e.g.,
reef flat depth and roughness). Given the inability to collect
the required input data for a hydrodynamic model at these
field sites (Donner and Carilli 2019), and the unexpected
similarity in structural complexity metrics between the
South Tarawa sites and all other sites, we instead employed
the simple Sheppard et al. (2005) model to broadly explore
influence of factors other than fore reef roughness on wave
attenuation. The model indicated that lower bottom
roughness of the South Tarawa reef flats, relative to the
North Tarawa site, allows more offshore wave energy to
reach shore. The South Tarawa reef flats once resembled
the rougher reef flat in North Tarawa (see Forbes and Hosoi
1995), but human activities including beach and reef flat
mining for homes and seawalls have resulted in a loss of
boulders (Biribo and Woodroffe 2013). We estimate the
loss of boulders from reef flats in South Tarawa have
contributed toward a 5% increase in wave energy. The
increase in offshore wave energy reaching shorelines (i.e.,
wave runup) with low bottom friction on the reef flat fol-
lows from the results of past models and measurements
(Quataert et al. 2015; Yao et al. 2019).

The smoother reef flats as well as the steeper fore reef
slopes on South Tarawa reefs relative to most North Tar-
awa and Abaiang reefs likely lead to higher wave energy
reaching the South Tarawa shorelines, despite the higher
coral cover and higher associated wave energy attenuation
in South Tarawa (Table 1). Using field data and a cali-
brated model, Quataert et al. (2015) found that steep fore
reef slopes (~ 1:10 and steeper) increased wave runup and
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intensified coastal erosion and flooding. Although the slope
measurements could be biased by placement of the
10 m x 10 m at a safe diving distance from the reef crest,
the reported relative difference in slope between South
Tarawa and most North Tarawa and Abaiang reefs agrees
that of with past visual surveys (e.g., Lovell et al. 2001;
Donner et al. 2010).

These findings illustrate that more research is needed to
establish how wave attenuation by fore reefs is altered by
bleaching-driven regime shifts to fewer and/or oppor-
tunistic coral species. This requires bridging the gap
between the biological and ecological in situ measurements
of structural complexity indices (rugosity, SDE, and terrain
ruggedness) using 3D photogrammetry and the hydrody-
namic models that use bottom friction (f, and cy). Despite
parallel advances in developing 3D reef models based on
SfM photogrammetry techniques and in nearshore wave
and sediment dynamic models such as XBeach, there is
still no satisfactory method of measuring reef roughness
(i.e., structural complexity) that can be transformed into
hydrodynamic parameters like f,, (Monismith 2007; Mon-
ismith et al. 2015). One solution is for researchers planning
photo surveys for the purpose of developing 3D reef
models to also install pressure sensors on cross-shore
transects, in order to monitor site-specific changes in off-
shore wave energy along the entire reef as in Quatert et al.
(2015). In addition, building off the flume laboratory
experiments conducted by Yao et al. (2019), 3D models
generated from the SfM photogrammetry could be used to
3D-print coral reefs scaled to a wave flume which would
then be used to empirically test the effect of realistic fore
reef morphology on wave processes over a reef. These
future wave experiments may provide greater insights into
the effects of more disturbed and less diverse reefs on wave
attenuation.

In summary, at the current sea level, the low diversity of
coral growth forms on the fore reef in Tarawa and Abaiang
will likely not substantially affect the reef’s capacity to
attenuate wave energy as much as factors like coral cover,
steepness of the fore reef, and composition of the reef flat.
Although the coral cover and terrain ruggedness were
higher at most of the South Tarawa sites relative to the
North Tarawa and Abaiang sites, we expect the beneficial
influences of these parameters on shoreline protection will
not outweigh the adverse effects of the steep fore reef
slopes and smooth reef flats around South Tarawa
(Table 1). Our research provides an improved under-
standing of the reef structure around Tarawa and Abaiang
that can be used to inform future studies in the Pacific, as
well as ongoing reef monitoring and management in
Kiribati.
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