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INTRODUCTION

Natural physical drivers structure coral reef ben-
thic communities across a range of spatial scales. The
global latitudinal range in temperature restricts the
geographic extent of tropical coral reefs at the broad-
est spatial scale (Kleypas et al. 1999), while at the

finest spatial scale (e.g. at the scale of individual reef-
building organisms), water motion regulates benthic
boundary layer dynamics, mediating mass transfer
and nutrient uptake for corals and algae (Atkinson &
Bilger 1992, Thomas & Atkinson 1997). Long-term
background physical conditions drive clear spatial
patterning in benthic communities and dominant
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ABSTRACT: We assessed the independent effects of natural physical drivers in structuring coral
reef benthic communities at a remote oceanic atoll in the central equatorial Pacific with minimal
local human impacts. High-resolution bathymetric data combined with in situ oceanographic
measurements and a nearshore hydrodynamic model revealed complex intra-atoll gradients in
geomorphic complexity, wave forcing, currents, and temperature. For example, maximum wave-
driven bed shear stress spatially varied on the forereef (15−20 m depth) by over 2 orders of mag-
nitude, peaking in areas exposed to multiple wave regimes. Benthic community composition,
quantified via towed-diver imagery collected in a complete circumnavigation of the atoll (~40 km),
also exhibited considerable spatial heterogeneity. Benthic competitors showed distinct, non-linear
threshold-type responses to variations in physical drivers. For example, at a wave-driven bed
shear stress threshold of 18 N m−2, calcifying crustose coralline algae lost relative dominance and
were replaced by non-calcifying fleshy turf algae. Hard coral communities also demonstrated con-
siderable flexibility in response to physical drivers, with distinct shifts in the relative dominance of
different growth morphologies along gradients of wave forcing, presumably as a means of local
adaptation. Our results highlight (1) the importance of natural gradients in physical drivers in
determining dominant benthic regimes on coral reefs (e.g. calcifying vs. fleshy), (2) that non-linear
thresholds (or tipping points) exist between key benthic competitors in response to key physical
drivers, and (3) that coral assemblages show inherent flexibility and can reorganize in response to
physical drivers rather than exhibit wholesale changes in overall cover.
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morphological traits owing to local community adap-
tation (Brown 1997, Done 1999, Hughes et al. 2012,
Williams et al. in press). Superimposed over these nat -
urally coupled bio physical relationships are episodic
disturbance events (e.g. hurricanes) that shift entire
communities to earlier successional states (Sousa
1984). The combined effects of mean background
conditions and anomalous events are key structuring
forces that drive community dynamics, competitive
outcomes, and thus the relative dominance of benthic
organisms at any one point in time (Littler & Littler
1985, Hughes & Connell 1999).

At the scale of individual islands and coral atolls,
gradients in physical drivers are largely determined
by interactions of waves and currents with under -
lying bathymetry. For example, ocean current−
bathymetric interactions can lead to vertical trans-
port of oceanic water masses (Hendry & Wunsch
1973, Hamann et al. 2004), delivering sub-thermo-
cline, nutrient-laden waters to shallow-water benthic
coral reef communities (Andrews & Gentien 1982).
Similarly, tidal currents that hit steep-sided islands
and atolls can drive localized, high-frequency varia-
tions in water flow, temperature, nutrients, and
 suspended particles (Wolanski & Delesalle 1995,
Leichter et al. 1998) that can influence coral reef ben-
thic community productivity (Leichter et al. 2003).
Spatial heterogeneity in water flow can also drive
benthic zonation, favoring algal dominance in more
benign, low-flow environments (McClanahan & Kar-
nauskas 2011). In addition, spatial gradients in wave
forcing can drive benthic community patterning and
species zonation (Bradbury & Young 1981, Dollar
1982, Franklin et al. 2013, Williams et al. 2013). For
example, high wave forcing can reduce overall coral
cover and favor wave-tolerant morphologies, such as
encrusting corals (Dollar 1982, Storlazzi et al. 2005,
Madin et al. 2006) and may shift the entire benthic
community to a dominance by low-lying algal spe-
cies, such as turf algae and crustose coralline algae
(CCA) (Williams et al. 2013).

On many coral reefs today, natural biophysical
relationships are confounded by the effects of local
human impacts (Sandin et al. 2008, Williams et al. in
press). Human activities such as urbanization, coastal
development, and overfishing of herbivorous fishes
can increase sedimentation, lead to nutrient enrich-
ment of coastal environments, and reduce the top-
down control of seaweeds (Hughes 1994, McCook
1999, Fabricius et al. 2005, Wooldridge 2009). Ulti-
mately, the combination of these effects can tip the
balance in favor of fleshy benthic regimes, for exam-
ple dominance by seaweeds and turf algae. In con-

trast, coral reefs free from local human impacts tend
to be characterized by calcifying (reef-building) ben-
thic re gimes where hard corals and crustose coralline
algae dominate (Sandin et al. 2008, Vroom et al.
2010, Williams et al. 2013). Because human impacts
are so ubiquitous, it is challenging to distinguish
between natural and human-induced shifts in com-
peting benthic regimes (Williams et al. in press). In
order to prevent or even reverse the loss of ecosys-
tem services that coral reefs provide (e.g. fisheries,
coastal protection, and tourism), we need a better
understanding of the processes that drive dramatic
shifts in coral reef community regimes and their
 associated ecological thresholds or ‘tipping points’
(McClanahan et al. 2011). To date, focus has been on
identifying thresholds for benthic community regimes
associated with gradients in fish biomass, pollution,
urban development, and variations in human popula-
tion density (McClanahan et al. 2011, D’agata et al.
2014, Jouffray et al. 2015). There are currently a lim-
ited number of examples clearly identifying thresh-
olds associated with gradients in natural physical
drivers on coral reefs (Madin 2005, Madin & Con-
nolly 2006).

In this study, we explicitly tested whether coral reef
benthic regimes exhibit non-linear, threshold-type
responses to natural gradients in physical drivers. We
used Palmyra Atoll — a remote, steep-sided oceanic
atoll that has been exposed to minimal human influ-
ence over the last half century — as a case study sys-
tem to examine for these effects in the absence of
confounding local human impacts (see Fig. 1). We
quantified intra-atoll gradients in physical drivers
(waves, currents, and temperature) collected from 6
equally spaced locations around the perimeter of
Palmyra over a year-long period. In situ wave data
were used to ground-truth a global wave model to set
boundary conditions for a coupled hydrodynamic
model, enabling a high spatial resolution assessment
of wave-driven stress on the benthos. Bathymetric
data collected via multibeam surveys of Palmyra
were used to quantify geomorphic complexity and as
input for the hydrodynamic model. We quantified
spatial patterning in coral reef benthic communities
by analyzing thousands of digital images collected
via towed divers in a complete circumnavigation of
Palmyra’s forereef habitat (~40 km). Specifically, we
quantified changes in the percent cover of 5 benthic
functional groups (hard coral, CCA, macroalgae, turf
algae, and soft coral) as well as relative shifts in the 3
most dominant coral morphologies (encrusting, plat-
ing, and branching). We then related these shifts in
benthic community structure to coupled changes in
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physical drivers (wave forcing and geomorphic com-
plexity) using boosted regression trees (BRT), a sto-
chastic predictive modeling technique that allows for
non-linear relationships in the response variables
(Elith et al. 2008). In summary, we found benthic
communities at Palmyra to exhibit non-linear, thresh-
old-type responses to gradients in natural physical
drivers, such as wave forcing, with shifts in the rela-
tive dominance of key benthic competitors (e.g. turf
algae vs. CCA) occurring at clearly identifiable tip-
ping points.

MATERIALS AND METHODS

Study site

Palmyra Atoll is a remote, oceanic atoll in the
northern Line Islands in the equatorial Pacific, ap -
proximately 1600 km south of Hawai‘i (Fig. 1).
Palmyra’s physical environment is relatively temper-
ate compared to most other islands and atolls in the
Pacific (Gove et al. 2013), with average seasonal
ocean surface temperatures ranging from 27.30 to
28.76°C. Regional currents are influenced by the
North Equatorial Counter Current (Fig. 1), an east-
ward flowing current that seasonally migrates in
both strength and location (Tomczak & Godfrey
1994). Known historical disturbance is minimal at
Palmyra. Reported coral bleaching (Williams et al.
2010) and coral disease (Williams et al. 2011a) has
been limited, while reported hurricane impact has
been absent owing to Palmyra’s proximity to the
equator and associated weak Coriolis force, a prereq-
uisite for tropical cyclone formation (Chang et al.
2003). Palmyra has also experienced limited human

influence, receiving official protection as a US
National Wildlife Refuge in 2001 and further protec-
tion as a Pacific Remote Islands Marine National
Monument in 2009. Palmyra’s coral reef ecosystem
therefore represents a biodiversity hotspot in the
central Pacific (Williams et al. 2008, Maragos &
Williams 2011), characterized by a high cover of cal-
cifying benthic organisms (Williams et al. 2013) and
high predatory fish biomass (DeMartini et al. 2008,
Sandin et al. 2008).

Oceanographic and geomorphological data

Oceanographic moorings were deployed at 6 fore -
reef locations roughly equally spaced around
Palmyra (Fig. 2). All moorings were affixed to the
benthos at ~20 m. Temperature data were collected
using a Sea Bird Electronics (SBE) 37 (accuracy of
0.002°C). Profiling current and spectral wave data
were collected using a 1 MHz Nortek Aquadopp
acoustic Doppler profiler (ADP) (Table 1).

Currents

Variance ellipses were calculated for near-bottom
currents at the 4 moorings in which current data
were collected (Northwest, Northeast, Southeast,
Southwest). Variance ellipses represent the magni-
tude (± 1 SD from mean current flow) and orienta-
tion of water flow based on the time period of data
collection. Power spectral density was calculated to
identify the principle frequencies of time-dependent
variability for near-bottom currents at each moor-
ing.
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Fig. 1. US-owned atolls
in the northern Line
Islands of the central
Pacific (inset globe),
highlighting the domi-
nant wave regimes,
regional currents, and 

seafloor bathymetry
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Location       Parameter          Depth               Date range                 Instrument/                          Sampling interval/ 
                                                  (m)                                                     Data source                          Resolution

In situ oceanographic data

West             Temperature       19.2    16 Apr 2010−03 May 2011    SBE37                                   2.5 min
Northwest    Temperature       21.5    16 Apr 2010−03 May 2011    SBE37                                   2.5 min
                     Currents                          08 Apr 2010−29 July 2010    Nortek 1MHz Aquadopp    1 min native/20 min average
                     Waves                             08 Apr 2010−29 July 2010                                                   20 min burst every 3 h
Northeast     Temperature       19.8    16 Apr 2010−03 May 2011    SBE37                                   2.5 min
                     Currents                          09 Apr 2010−15 Oct 2010     Nortek 1MHz Aquadopp    1 min native/20 min average
                     Waves                              09 Apr 2010−15 Oct 2010                                                   20 min burst every 3 h
East              Temperature         21      16 Apr 2010−03 May 2011    SBE37                                   2.5 min
Southeast     Temperature       18.9    16 Apr 2010−03 May 2011    SBE37                                   2.5 min
                     Currents                          09 Apr 2010−29 Dec 2010     Nortek 1MHz Aquadopp    1 min raw/20 min average
                     Waves                              09 Apr 2010−29 Dec 2010                                                   20 min burst every 3 h
Southwest    Temperature       19.8    16 Apr 2010−03 May 2011    SBE37                                   2.5 min
                     Currents                          08 Apr 2010−20 Dec 2010     Nortek 1MHz Aquadopp    1 min raw/20 min average
                     Waves                              08 Apr 2010−20 Dec 2010                                                   20 min burst every 3 h

Gridded data

Atoll wide    Bathymetry       0−3000                     NA                       Ship-based multibeam       5 m resolution
                                                                                                             and Ikonos imagery           
Forereef       Slope                  15−20                      NA                       ArcGIS 10.1                          5 m resolution
                     Slope of slope                                                                                                               
                     BPI                                                                                                                                 

Modeled data

Atoll wide    Wave height        NA       1 Jan 2005−12 Apr 2010      Wave Watch III                    1° resolution
                     Peak period                                                                                                                   
                     Peak direction                                                                                                              
Forereef       BSSmax,               15−20     1 Jan 2005−12 Apr 2010      Delft3D                                 50 m resolution
                     BSSmean,                                                                                                                         
                     BSSrange                                                                                                                          

Table 1. Physical data types used in the analysis, including location, parameters measured, depth, date range, data source, and
other relevant information (e.g. sampling interval). Moored-instrument dataset lengths varied due to battery and/or
 instrument failure. See Fig. 2 for locations of in situ oceanographic moorings. NA: not applicable; BSS: bed shear strength 

(maximum, mean, and range)

Fig. 2. Palmyra Atoll, showing the 6 mooring locations where oceanographic time series data were collected along the ~20 m
isobath. d: moorings where profiling currents, waves and temperature data were collected; j: moorings where only temper-
ature data were collected. Current variance ellipses represent the magnitude (± 1 SD from mean current flow) and orientation 

of near-bottom currents. The scale bar for current magnitude is also given (0.10 m s−1)
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Temperature

Temperature data were also analyzed to assess the
principle frequencies of time-dependent variability
(i.e. power spectral density) observed at each moor-
ing location. We further analyzed the temperature
data to quantify the site-specific characteristics in
temperature drops observed in each of the tempera-
ture records. Following Sevadjian et al. (2012), we
quantified the number of temperature drops based
on the following equations:

(1)

(2)

where T is temperature (°C), t is time (min), and for
the i th temperature measurement, n = 1, 2, 3, etc. To
be quantified as a ‘temperature drop’, the following
criteria had to be satisfied: (1) the rate of change of T
with respect to t must maintain a gradient of ≤−0.3°C
per 240 min, and (2) the total decrease in tempera-
ture (∆T) must be ≤−0.3°C. The duration of each tem-
perature drop was calculated as the time from the
 initial decrease in temperature to the minimum tem-
perature. A temperature drop concluded when tem-
perature returned to 0.5 × ∆T. Analysis of tempera-
ture drops was constrained to the temporal extent of
tidal return periods (≤12.4 h).

Wave forcing

We incorporated the 3-h output of mean significant
wave height (Hs), peak period (tp), and peak direction
dp) from Wavewatch III (WWIII; http:// polar. ncep.
noaa.gov/waves). WWIII performance was assessed
at Palmyra by comparing the model output with in

situ wave data collected from each wave sensor
(Fig. 1). Wave power (Ef) in kilowatts per meter (kW
m−1) was calculated for both data sets based on the
following equation:

(3)

where ρ is the density of seawater (1024 kg m−3) and
g is the acceleration of gravity (9.8 m s−2). Wave
power combines Hs and tp and provided a more rep-
resentative metric of the most powerful wave events
than either Hs or tp alone. The 15 largest wave
events (event = maximum daily wave power) from
each sensor were identified, and differences be -
tween WWIII and in situ wave parameters were cal-

culated for each event. The mean difference in Hs,
tp, and dp was then used as a correction factor for
peak wave events in the WWIII data record. Com-
parisons between data sets were constrained to inci-
dent (i.e. perpendicular) swell angles at each sensor,
minimizing shadowing and other wave-bathymetry
interactions (e.g. refraction) that would bias the
comparisons.

To provide a high-resolution, nearshore spatial
assessment of wave forcing at Palmyra, we incorpo-
rated a coupled hydrodynamic model developed by
Delft Hydraulics (Delft3D; http://oss.deltares.nl/web/
delft3d). A total of 3 model runs were performed, one
for each wave regime (Fig. 1): northwest swell (Hs =
3.4 m, tp = 16.9 s, dp = 330°), northeast trade wind
swell (Hs = 4 m, tp = 10 s, dp = 41°), and south swell (Hs

= 2.8 m, tp = 14 s, dp = 172°). Modeled wave condi-
tions corresponded to a wave regime-specific annual
maximum Hs, tp, and dp, calculated from the cor-
rected WWIII data set by averaging the largest
annual events for each wave regime over the time
period encompassing the ecological surveys de -
scribed below (January 2005−April 2010). Results
from the 3 model runs were combined to calculate an
annual average maximum, mean and range in wave
forcing at Palmyra. A full description of Delft3D is
given by Lesser et al. (2004), with detailed informa-
tion on the waves portion of the model given by Booij
et al. (1999). See ‘Supplemental methods’ (in the
Supplement at www.int-res.com/articles/suppl/ m522
p033_supp. pdf) for more detail relating to our wave
model.

Hydrodynamic stress induced by waves and cur-
rents near the benthic-water interface was used here
to represent wave forcing at Palmyra. Bed shear
stress (BSS) was chosen over more traditional sur-
face- level wave metrics (e.g. wave height) because it
specifically quantifies forcing at the depth of benthic
organisms (15−20 m in this study) and drives benthic
community structure on wave-dominated reefs (Stor-
lazzi et al. 2005, Williams et al. 2013).

Geomorphological data

Multibeam bathymetric data were collected during
NOAA’s Reef Assessment and Monitoring Program
(RAMP) survey of Palmyra in 2006 and were pro-
vided by the Pacific Islands Benthic Habitat Mapping
Center (www.soest.hawaii.edu/pibhmc). Multibeam
data collection was incomplete from 0−25 m depth
due to navigational hazards associated with shal -
low reef environments. We therefore used IKONOS

E
g

H tsƒ /=
ρ

π

2
2

64
1000p

0.3− ≤ − °+T T Ci n i

0.3
240min

−
−

≤ − °+

+

T T

t t

Ci n i

i n i

37

http://www.int-res.com/articles/suppl/m522p033_supp.pdf
http://www.int-res.com/articles/suppl/m522p033_supp.pdf


Mar Ecol Prog Ser 522: 33–48, 2015

satellite imagery to create estimated depths and fill
bathymetric gaps that existed within this depth range
(Lyzenga 1985) (see ‘Supplemental methods’). To
quantify the structural habitat complexity of the
underlying habitat at Palmyra, 3 geomorphic metrics
were derived from the 5 m gridded bathymetry data:
slope, the rate of change of slope (i.e. slope of slope),
and bathymetric position index (BPI). Slope and
slope of slope (calculated in degrees) were derived
from the bathymetric grids using the slope function
in the ArcGIS v10.1 Spatial Analyst toolbox, where
the raster cell values represented the maximum rate
of maximum slope change between neighboring
cells. BPI represents a location’s elevation relative to
overall surrounding seascape (Lundblad et al. 2006).
A negative BPI value indicates a location lower than
neighboring locations (e.g. sand channel, groove), a
positive indicates a location higher than neighboring
locations (e.g. pinnacle top), and near-zero values
indicate flat areas. BPI was calculated with a search
radius of 10 cells (i.e. 50 m) using the Bathymetric
Terrain Modeler application in ArcGIS v10.1 (Wright
et al. 2012).

Benthic community surveys

Benthic community data were collected via towed-
diver surveys of Palmyra in 2006, 2008, and 2010.
Towed-diver surveys incorporated divers on SCUBA
that maneuver instrumented boards ~1 m above the
benthos while being towed behind a small boat at
~3 km h−1. The board is equipped with a high-resolu-
tion digital camera (Canon EOS 10-D/50-D), strobes
to illuminate the bottom substrate, a pair of red lasers
at a known distance apart to quantify area per frame,
and a temperature-depth recorder. Position informa-
tion was recorded by an onboard Global Positioning
System (GPS), to which a layback model was applied
to accurately georeference each individual benthic
photograph. Benthic photographs were obtained at
15 s intervals for the duration of each tow. A detailed
description of the towed-diver technique is given by
Kenyon et al. (2006).

Benthic photographs from the forereef habitat
(15−20 m only) were analyzed for percent cover of 5
benthic functional groups (hard coral, CCA, macro-
algae, turf algae, and soft coral) using Coral Point
Count with Excel Extensions (Kohler & Gill 2006).
Within the hard coral functional group, the percent
cover of 5 morphological subcategories (encrusting,
branching, plating, massive, and free-living) were
also quantified. Only the 3 most dominant (encrust-

ing, plating, and branching) were in vestigated fur-
ther in this study. Wave and geomorphological infor-
mation was obtained for each individual photograph
using the Sample routine in the ArcGIS v10.1 Spatial
Analyst toolbox. In total, 3237 photographs were in-
corporated into the analyses, with a mean (± SD) dis-
tance between consecutive images of 11.7 (± 30) m.

Ecological statistical analyses

Benthic data were averaged over 50 m linear seg-
ments in a continuous fashion around the circumfer-
ence of Palmyra’s forereef. To identify and account
for spatial autocorrelation between the linear seg-
ments, 2 techniques were employed: empirical semi-
variance (Meisel & Turner 1998) and lacunarity
(Mandelbrot 1983, Plotnick et al. 1993). Empirical
semivariance calculations were completed using the
vgm function in the gstat package (Pebesma 2004)
linked to a custom coded function in R v2.15.1 (R
Development Core Team; www.r-project.org). Visual
assessment of semivariance plotted against distance
indicated that 500 m was the minimum distance
required between linear segments to avoid spatial
autocorrelation and achieve true data independence.
We further employed lacunarity indices to avoid
averaging over distances that were either too large
(i.e. averaging across true signals in the data) or too
small (i.e. incorporating noise into the signal). As
with empirical semivariance, lacunarity indices indi-
cated that 500 m was the optimal spatial scale at
which to model the semi-continuous benthic data in
order to account and adjust for spatial autocorrela-
tion (see ‘Supplemental methods’ for more detailed
information on these spatial analyses).

Boosted regression trees (BRTs) were used to
examine the relationship between the benthic
response variables and physical predictors (Elith et
al. 2008). BRTs were constructed using the routines
gbm (Ridgeway 2012) and gbm.step (Elith et al. 2008)
in R. Benthic percent cover values were arcsine
transformed to achieve normality and modeled using
a Gaussian distribution. We used 10-fold cross vali-
dation for model development and validation and
cross validation deviance (CVD) to assess model per-
formance. Overall percent deviance explained by
each model was also quantified to provide a more
widely understood metric of model performance. The
optimal combination of tree complexity (tc, number of
nodes in the tree), learning rate (lr, contribution of
each tree as it is added to the model), and the bag-
fraction (bf, proportion of data to be selected at each
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step of the model) was identified using a customized
loop routine in R (Richards et al. 2012). The parame-
ter combination that produced the lowest CVD, while
maintaining ≥1000 fitted trees, was used to fit the
final model. The relative importance of each predic-
tor variable was quantified based on the number of
times it was selected for splitting, weighted by the
squared improvement to the model as a result of each
split and averaged over all trees (Friedman & Meul-
man 2003, Elith et al. 2008). Partial dependency plots
were used to interpret the relationship between each
predictor and the final fitted function of the model in
a conditional manner. To quantify interaction effects
between predictors within each model (departure
from a purely additive effect), we used the function
gbm.interactions (Elith et al. 2008).

RESULTS

Gradients in physical drivers

Near-reef currents

Variance ellipses representing the magnitude and
orientation of near-reef current measurements indi-
cate that water flow was predominantly influenced
by local bathymetry and geographic location around
Palmyra (Fig. 2). At the Northeast mooring, located
proximate to shallow and emergent reef with gener-
ally parallel isobaths offshore, current was compara-
tively weak and predominantly along isobaths (i.e.
along-shelf). Conversely, currents at the Southeast
mooring were stronger and less aligned with near-
shore bathymetry, likely owing to the sensor’s loca-
tion along the Eastern Terrace, a broad, open area of
reef with generally consistent depth (~10−15 m) and
no emergent obstructions (Fig. 2). Current at the
Southwest mooring had both a strong along-shelf
and cross-shelf (perpendicular to isobaths) compo-
nent. The bathymetric outcropping that extends
~500 m from the east−west orientation of the atoll
presumably drives the mixed directional flow pat-
terns in this area. Currents at the Northwest mooring
were predominantly cross-shelf, perhaps due to deep
offshore channels funneling water up-slope at this
location (Fig. 2). Current oscillations at all moorings
varied primarily at tidal frequencies, with the diurnal
(K1; 23.934 h per cycle) and semi-diurnal (M2;
12.421 h per cycle) tides as the principal tidal con-
stituents (Fig. S1 in the Supplement at www.
int-res.com/articles/suppl/m522 p033 _ supp.pdf). The
semi-diurnal tide was the strongest influence on cur-

rent oscillations at the Northwest, Northeast, and
Southeast moorings, whereas the diurnal and semi-
diurnal tides were equally influential at the South-
west mooring.

Subsurface temperature

Reef-level temperatures recorded from 6 equally
spaced locations over a year-long time period ranged
from 24.87 ± 0.17°C (mean ± SD) to 28.72 ± 0.02°C
(Fig. 3). Seasonal forcing was nearly absent across
sites; however, shorter-term fluctuations were domi-
nant in all temperature records, with high-frequency
fluctuations exhibiting unique site-specific characte -
ristics. Large-amplitude temperature decreases were
recorded on intra-seasonal time scales, often persist-
ing for multiple days to weeks. For example, 2 pro -
minent temperature decreases of 2.0−4.0°C were ob-
served in October and November, driving strong
temperature changes at all moorings lasting for
~3−4 wk. Superimposed over intra-seasonal varia -
bility were high-frequency temperature drops of
0.3−1.8°C occurring multiple times daily and lasting
for minutes to hours (Fig. 3). Many were solitary,
knife-like temperature drops with a subsequent and
equally rapid recovery to ambient temperatures.
However, temperature changes also occurred as a se-
ries of 3−10 discrete, successional temperature drops
of varying magnitude; a sharp decrease followed by
gradual recovery; a gradual decrease superimposed
with saw-toothed oscillations; and a step-like de-
crease characterized by a sharp temperature drop
that persisted for several hours before sharply return-
ing to pre-event temperatures (Fig. 3B).

Site-specific temperature characteristics differed
spatially around Palmyra (Fig. 3B and Table S1 in the
Supplement). For example, the greatest number of
temperature drops (339) occurred at the East moor-
ing. In contrast, 102 and 109 temperature drops were
recorded at the Northwest and Southwest moorings,
respectively; a 3.11- to 3.33-fold decrease from the
East mooring (Table S1). The duration of tempera-
ture drops was also spatially variable. Nearly half
(48%) of the temperature drops recorded at the
Southeast mooring lasted for 120−720 min, while
approximately the same proportion (43−52%) at all
other locations occurred over shorter time scales
(30−120 min; Table S1). In addition, differences in
the principle frequencies of temperature oscillations
at each mooring were apparent (Fig. S2 in the
Supple ment). Semi-diurnal variability, for example,
was a prominent frequency of oscillation at most
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locations, with the exception of the Southwest moor-
ing (Fig. S2), an unexpected result given the strength
of the semi-diurnal tide observed in current fluc -
tuations at the same location (Fig. S1).

Waves and bed shear stress

Consistent features emerged from the combined
wave model results (i.e. northwest swell, northeast
trade wind swell, and south swell; Fig. 1). First, the
central lagoon−reef complex partially blocks incoming
waves from reaching the southern portion of the atoll,
creating a lee from the largest wave source (Fig. 4).
Second, wave forcing was markedly enhan ced over
the emergent reef encircling the lagoon− reef complex,
particularly with respect to maximum bed shear stress
(BSSmax; Fig. 4C). Strong dissipation occurs over the
emergent reef due to increased bed shear stress asso-

ciated with breaking waves. Third, wave forcing was
enhanced over portions of the Western and Eastern
Terrace where multiple wave regimes converge. In-
tra-atoll gradients in wave forcing were also observed
in the depth-constrained (15−20 m) and spatially aver-
aged (50 m linear segments) model results (Fig. 5A,B).
In general, mean bed shear stress (BSSmean) was
greatest along the southwest, west, and northwest
sections of the atoll, with BSSmax peaking (142 N m−2)
between the southwest and west (Fig. 5B). This geo-
graphic area ex posed to the greatest BSSmax was also
characterized by the largest range in bed shear stress
(BSSrange = 119 N m−2), indicating variable annual
wave forcing. From the northwest towards the north
and northeast, bed shear stress declined by ~50% be-
fore increasing proximate to the eastern tip of the
atoll. Wave forcing near the southeast and south sec-
tions was comparatively low (BSSmax = 10−20 N m−2,
BSSmean = 1–10 N m−2, BSSrange = 10−20 N m−2).
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Fig. 3. (A) In situ time series data of temperature from 6 mooring locations deployed at ~20 m depth from April 2010 to May
2011. (B) Two-week expansion of temperature data highlighting the high-frequency temperature drops observed at all 

locations. Legend in (B) corresponds to both panels. See Fig. 2 for indvidual mooring locations
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Geomorphology

Palmyra’s forereef habitat was generally character-
ized by a slope range of 10−15°, although steeper
slopes (25−30°) were consistently observed along the
southern forereef (Fig. 5C). The southern forereef
also had the greatest rate of change in slope (50−60°),
while other portions of the forereef exhibited en -
hanced variability at finer spatial scales, with proxi-
mate segments (i.e. separated by 50 m) regularly
characterized by a 10−20° rate of slope change, with
some segments differing by 45°. Differences in
bathymetric position index (BPI) indicated within-
atoll variability in relative reef elevation, which was
often closely negatively related to slope of slope
(Fig. 5D).

Benthic community spatial patterns

Palmyra’s coral reef benthic communities were
dominated by hard coral (atoll-wide mean cover =
27.3%) and CCA (21.8%). The remaining space was
occupied by turf algae (16.5%), soft coral (14.5%), and
erect macroalgae (10.8%). At smaller spatial scales,
benthic functional groups exhibited unique spatial
patterning (Fig. 5E−I). Hard coral cover was variable
at both large and small spatial scales (Fig. 5E). Rela-
tively high coral cover (>50%) was observed in the
west, northeast, southeast, and southwest sections of
the forereef; however, 10−20% changes in coral cover
also occurred within relatively small distances (<250 m).
Conversely, patterns of macroalgae cover were far
less spatially complex (Fig. 5G). Nearly all macroalgae
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Fig. 4. Hydrodynamic wave model results representing the maximum values of (A) significant wave height, (B) wave period,
and (C) bed shear stress (BSSmax) at Palmyra Atoll. Results represent the maximum of each grid cell from the combined
 hydrodynamic model runs for each swell regime (i.e. northwest swell, northeast trade wind swell, and south swell) at Palmyra 

Atoll (see Fig. 1)
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Fig. 5. (A) Bathymetric map of Palmyra Atoll (left) with an expanded section (right) showing depth-constrained (15−20 m) and
spatially averaged 50 m benthic segments collected via towed-diver surveys (black filled circles). (B−J) Corresponding wave,
geomorphology, and coral reef benthic community data for each 50 m segment. Note the x-axis (‘Geographic location’) cor -
responds to (A, top left), showing all data in a clockwise fashion from left to right, starting at the western tip of the atoll (W)
and moving northwest (NW), north (N), northeast (NE), east (E), southeast (SE), south (S), southwest (SW), and ending back at
the western tip. (B) Bed shear stress (maximum, mean, and range), (C) slope (and slope of slope), (D) bathymetric position
index (BPI), and percent cover of (E) hard coral, (F) crustose coralline algae (CCA), (G) macroalgae, (H) turf algae, (I) soft coral, 

(J) variations in the 3 most dominant hard coral morphologies (encrusting, plating, branching)
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were observed in 2 distinct regions: a small section to
the north (250 m) and a much larger section to the
south (~6 km), where cover was regularly >30% and
even as high as 100%. Approximately half (52%) of
all other areas surveyed along the forereef were char-
acterized by ≤5% macroalgae cover. CCA, turf algae,
and soft coral were also spatially heterogeneous,
varying from a minimum (<5%) to a majority (>50%)
of the benthic substrate (Fig. 5F,H,I).

The 3 most dominant hard coral morphologies
(encrusting, plating, and branching) also exhibited
complex within-atoll spatial patterning (Fig. 5J).
Encrusting corals were by far the most abundant,
accounting for 25−50% of overall hard coral cover.
However, shifts in the relative dominance of the 3
morphologies occurred in particular locations. For
example, to the west of the atoll, overall hard coral
cover equaled 40%, with encrusting and plating
morphologies contributing equally. To the east,
branching corals dominated a small stretch of reef
(~250 m), and to the south of the atoll plating corals
dominated, reaching 65−75% cover (Fig. 5J).

Biophysical relationships and thresholds 

to physical drivers

Overall, hard coral cover was positively related to
the range in bed shear stress (BSSrange) and negatively
related to slope. Hard coral cover was weakly posi-

tively related at lower BPI values and negatively re-
lated at higher BPI values (Table 2, Fig. 6A). However,
because total deviance explained for hard coral cover
was low (10.8%), these relationships should be inter-
preted with caution. Interestingly, predictive per -
formance improved 3−5 fold when hard coral mor-
phological categories were modeled as the res ponse
variables (Table 2). The relative dominance of en-
crusting corals increased dramatically above a thresh-
old BSSrange of 10 N m−2 (Table 2, Fig. 6F); their
relative abundance also peaked at a BPI level of −3,
but decreased with increasing reef slope. The best-fit
model explained 55.7% of the total deviance in en-
crusting coral cover (Table 2). Similarly, the relative
dominance of plating corals was also positively re -
lated to BSSrange; however the threshold for a drama tic
increase in their relative dominance was higher at a
BSSrange of ~23 N m−2 (Table 2, Fig. 6G). The relative
dominance of plating corals was also negatively re-
lated to the rate of change of slope (slope of slope) and
positively related to BSSmax, showing a peak in
relative dominance above a threshold ~50 N m−2. The
best-fit model explained 34.1% of the total deviance
in plating coral cover (Table 2). In contrast to encrust-
ing and plating corals, the relative dominance of
branching corals was negatively related to BSSrange,
with a dramatic decline occurring at a threshold of
~20 N m−2 (Table 2, Fig. 6H). The cover of branching
corals also declined sharply above a threshold reef
slope of 10°, although it increased where slope of
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                                                                               Functional group                                                       Coral morphology
                                                   Hard          CCA        Macro-         Turf           Soft                  Encrust-      Plating      Branch-
                                                    coral                             algae         algae          coral                      ing                                ing

Model parameters

Tree complexity                            4                 4                 4                 2                 3                           3                 4                 2
Learning rate                             0.001          0.001         0.0001         0.001          0.001                   0.0001         0.001          0.001
Bag fraction                                 0.8              0.8              0.7              0.7              0.8                        0.8              0.8              0.7
Number of trees                         2550           1450          26750          3350           1350                    15400          1200          10650
Mean total deviance               0.00910      0.00784      0.01532      0.00684      0.00974                0.00680      0.00264      0.00110
CV deviance (CVD)                0.00812      0.00239      0.00312      0.00322      0.00466                0.00301      0.00174      0.00073
CVD SE                                    0.00100      0.00122      0.00087      0.00082      0.00071                0.00110      0.00131      0.00081
Deviance explained (%)            10.8            69.6            79.6            52.9            52.2                      55.7            34.1            33.6

Relative influence of predictors (%)

BSSmax                                         9.66            9.30           18.02           2.72            7.88                      7.77           17.37          10.00
BSSmean                                        6.29           46.14          16.11          34.94           6.61                      4.30            3.32            7.55
BSSrange                                      33.90           3.11            2.48           21.56          49.49                    46.56          38.46          41.87
Slope                                          24.29          11.13          58.04          17.27          16.58                    12.57           8.36           18.13
Slope of slope                            12.31          20.31           2.48            5.39            4.94                      8.96           27.51          15.68
BPI                                              13.55          10.01           2.88           18.13          14.50                    19.85           4.98            6.79

Table 2. Results from boosted regression tree (BRT) analyses, including optimal parameter settings, predictive performance,
and relative influence of physical drivers on variations in the percent cover of 5 dominant benthic functional groups: hard
coral, crustose coralline algae (CCA), macroalgae, turf algae, and soft coral; and 3 dominant coral morphologies: encrusting, 

plating, and branching. BSS: bed shear strength (maximum, mean, and range)
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slope exceeded ~28°. The best-fit model explained
33.6% of the total deviance in branching coral cover
(Table 2).

Similarly to hard coral communities, the relative
dominance of other benthic functional groups dis-
played evidence of non-linear threshold responses to
gradients in key physical drivers. The relative domi-
nance of CCA decreased dramatically at a threshold
BSSmean of 18 N m−2 (Table 2, Fig. 6B); cover also ap-
peared to be positively related to reef slope (both
slope and slope of slope). The best-fit model ex -
plained 69.6% of the total deviance in CCA cover
(Table 2). Coinciding with the sharp decline in CCA
cover was a dramatic increase in the relative domi-
nance of fleshy turf algae at the same 18 N m−2

 BSSmean threshold (Fig. 6D). In contrast to a positive
relationship with BSSmean, the relative dominance of
turf algae decreased with increasing BSSrange, drop-
ping in cover above a threshold of ~10 N m−2. Finally,
the relative dominance of turf algae was positively re-
lated to BPI, peaking above a value of −1 (Fig. 6D).
The best-fit model explained 52.9% of the total de-
viance in turf algae cover (Table 2). Macroalgae rela-
tive dominance was positively related to reef slope
and showed a dramatic increase at a threshold slope
of ~15° (Table 2, Fig. 6C). Macroalgae cover was also
negatively related to BSSmax, dropping in cover sharply
at a BSSmax threshold of 10 N m−2. In addition, macro-
algae gradually decreased in relative dominance with
increasing BSSmean, but held a steady cover above
a BSSmean of 20 N m−2 (Fig. 6C). The best-fit model
 explained 79.6% of the total deviance in macroalgae
cover (Table 2). Finally, soft coral relative dominance
was positively related to BSSrange, with cover increas-
ing dramatically at a threshold of 20 N m−2 (Table 2,
Fig. 6E). Soft coral cover also peaked at a reef slope
between 10 and 17° and was positively related to an
increasing BPI. The best-fit model explained 52.2% of
the total deviance in soft coral cover (Table 2).
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Fig. 6. Partial dependency response plots from boosted re -
gression tree analyses for the 3 most influential predictors of
variations in the percent cover of 5 dominant benthic func-
tional groups: (A) hard coral, (B) crustose coralline algae
(CCA), (C) macroalgae, (D) turf algae, and (E) soft coral; and
3 dominant hard coral morphologies: (F) encrusting, (G)
plating, and (H) branching. Relative influence of each vari-
able is given in parentheses after the x-axis label. The y-
axes are on logit scale and are centered to have zero mean
over the data distribution. Tick marks along the inside top of
each subpanel indicate the distribution of the replication for
that variable (e.g. hard coral) across the corresponding pre-
dictor (e.g. slope). BPI: bathymetric position index; BSSmax,
BSSmean, BSSrange: bed shear stress maximum, mean, and 

range, respectively
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DISCUSSION

Palmyra’s benthic community was dominated by
calcifying organisms, namely hard coral and CCA,
corroborating previous studies (Sandin et al. 2008,
Williams et al. 2013). However, at smaller spatial
scales (100s of meters to kilometers), benthic com -
munity composition exhibited considerable variabil-
ity, with the percent cover of each benthic functional
group (hard coral, CCA, turf algae, erect macro-
algae, soft coral) ranging from 0% to >80%. Further-
more, different benthic functional groups displayed
different spatial patterning. Macroalgae, for exam-
ple, was highly spatially clumped, monopolizing
(50−100% cover) the benthos over a ~6 km section of
the forereef to the south, whereas half of the remain-
ing areas surveyed had ≤5% cover. Hard coral cover,
by contrast, was markedly variable, comprising >50%
of the benthic community at numerous locations
around the atoll.

Coupled biophysical models found wave forcing
and geomorphology to be major proximate drivers
of benthic regimes around Palmyra, explaining 52−
80% of the spatial variability in dominant benthic
functional groups. Moreover, distinct biophysical
relationships existed among key benthic competitors.
For example, CCA and turf algae, both early colo -
nizers and competitors for space on the reef benthos
(Grigg 1983, Hughes & Connell 1999), showed a
marked shift in relative dominance with increased
mean wave forcing. Specifically, a sharp decline
in CCA cover was coincident with an increase in
turf algae at a mean bed shear stress threshold of
18 N m−2. It is unclear whether competitive exclusion
results in a stable turf algae-dominated regime, or
if the benthic community is being continually reset
to an earlier successional state by repeated distur-
bance (Hughes & Connell 1999). Nevertheless, our
results indicate that a shift to an alternate benthic
regime — from a dominance by calcifying organisms,
such as CCA, to dominance by fleshy, non-calcifying
organisms, such as turf algae — can occur as a con -
sequence of gradients in natural physical drivers
even in the absence of local human impacts. Further-
more, we found that shifts in the relative dominance
of benthic groups occurs at distinct physical thresh-
olds, showing non-linear responses to wave-driven
stress. These findings add to the growing body of
 evidence that coral reef benthic regimes have clearly
identifiable tipping-points in response to an array of
both human and natural physical drivers (McClana-
han et al. 2011, D’agata et al. 2014, Jouffray et al.
2015, Williams et al. in press).

Macroalgae monopolized the forereef benthic
community in a geographic region characterized by
steep slopes and low wave forcing. Due to increased
vulnerability to physical dislodgement (Engelen et al.
2005), macroalgae are more readily observed where
wave forcing is low (Kilar & McLachlan 1989, Page-
Albins et al. 2012, Williams et al. in press). Steep
slopes may also favor a macroalgal regime by regu-
lating waves. The location at which waves break,
and therefore the maximum wave-induced stress
imposed on the benthic community, is pushed shore-
ward in more steeply sloped regions compared to
those with more gradual slopes (Raubenheimer &
Guza 1996). Therefore, the ob served macroalgae re -
gime may persist owing to a reprieve in wave stress
mediated by the underlying local reef geomorphol-
ogy. Alternatively, Williams et al. (2011b) reported
comparatively high rates of fine-grained sedimenta-
tion where we observed high macroalgal abundance
at Palmyra; those authors postulated that this sedi-
ment could have originated from nutrient-rich lagoonal
waters. Increased sedimentation can inhibit coral
recruitment and growth due to smothering and abra-
sion (Fabricius 2005) and nutrient subsidies can fuel
algal growth, tipping the balance in favor of macro-
algae over corals (Littler & Littler 1985). Although
further research is needed to identify the ultimate
underlying driver(s) of the ob served macroalgal ben-
thic regime in this region of Palmyra, we postulate
that low annual wave forcing in concert with local-
ized increases in sedimentation and lagoon-derived
nutrient subsidies may be responsible.

Predictive capacity improved 3- to 5-fold for over-
all hard coral cover when hard corals were modeled
at the morphology level. The susceptibility of corals
to hydrodynamic dislodgement is related to the
shape of a coral colony (Madin 2005), particularly
in more exposed reef habitats such as the forereef
(Madin et al. 2006, Madin & Connolly 2006). At
Palmyra, variations in the relative dominance of dif -
ferent coral morphologies (i.e. en crusting, plating,
and branching) were strongly predicted by varia-
tions in wave forcing. Each morpho logical group
exhibited a non- linear, threshold-type response to
spatial gradients in the annual range of bed shear
stress. Branching corals were found to be the most
vulnerable to in creased wave-stress, exhibiting a
sharp, non-linear decline at a threshold of 20 N
m−2. Branching corals have a comparatively higher
colony shape factor than encrusting and plating
(i.e. tabular) corals, lending to increased vulnera-
bility to wave-induced disturbance (Madin 2005).
These results demonstrate that even around a small
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atoll, coral assemblages show inherent flexibility
and can reorganize in res ponse to physical drivers
rather than exhibit wholesale changes in overall
cover.

Despite the relatively robust model results pre-
sented herein, the inclusion of additional physical
drivers characterized at an appropriate spatial scale
would presumably increase predictive performance
for each of the benthic groups. Specifically, the ob -
served variations in currents and temperature were
likely influential drivers of coral reef benthic commu-
nities. For example, the high-frequency temperature
drops observed in the reef-level temperature meas-
urements have been reported in other coral reef
environments and are often attributed to internal
waves (Wolanski & Delesalle 1995, Leichter & Miller
1999, Sevadjian et al. 2012). Internal waves, gener-
ated by tidal currents interacting with steep bathy -
metry, can drive localized, rapid fluctuations in water
flow, temperature, nutrients, and suspended parti-
cles (Wolanski & Delesalle 1995, Leichter et al. 1998).
The advection of allochthonous food resources can
influence coral reef benthic production (Leichter et
al. 2003) and community growth rates (Smith et al.
2004, Roder et al. 2010). Moreover, among-island dif-
ferences in internal waves have been found to drive
intraspecific differences in coral growth, biomass,
density of host symbionts, and degree of hetero -
trophic feeding (Roder et al. 2010, 2011). The present
study was unable to resolve the mechanism(s) driv-
ing the observed high-frequency temperature fluctu-
ations nor the associated site-specific influence on
the benthic community. Future research characteriz-
ing temperature and current variability and the asso-
ciated biological community response at Palmyra
would provide important additional insight into natu-
rally coupled biophysical relationships on coral reef
ecosystems.

CONCLUSIONS

Due to its remote oceanic environment and
absence of direct human impact, Palmyra Atoll pro-
vided a unique opportunity to study the independent
effects of natural physical drivers on coral reef ben-
thic community regimes. We conclude that dominant
coral reef benthic functional groups (hard and soft
corals, CCA, turf algae, and macroalgae) show con-
siderable spatial heterogeneity driven largely by
intra-atoll gradients in natural physical drivers. In
addition, we find that benthic functional groups and
different coral morphologies (encrusting, plating,

and branching) exhibit threshold-type responses to
key physical drivers, leading to non-linear relation-
ships between competing benthic groups. Impor-
tantly, our results highlight that shifts in benthic
regimes from calcifying (i.e. hard corals and CCA)
to non-calcifying regimes (i.e. turf algae) can occur
even in the absence of local human impacts. Our
study further highlights the innate flexibility and
capacity for hard coral assemblages to reorganize
and maintain competitive dominance at an intra-atoll
scale in response to gradients in physical drivers. Our
finding that benthic regimes can switch dramatically
at clearly identifiable physical thresholds adds to the
growing body of evidence that coral reef communi-
ties respond in a non-linear fashion to an array of
human and natural drivers. The challenge is to iden-
tify manageable drivers that compromise key eco -
system services on coral reefs in the context of un -
manageable, natural physical regimes.
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