




return. Gleason et al. (2006) also observed highest QTC acoustic 
variability at the greatest substratum inclination.  But once again, 
the coefficients of variation did not indicate a total breakdown. And 
unlike observations from Hamilton, Mulhearn, and Poeckert (1999) 
on the Great Barrier Reef, the E2 value was not absent or erratic but 
simply smaller over the reefal habits compared to the sand habitats.

 If sub-footprint seabed roughness or high inclinations were 
the only factors suppressing values of E2 over reefal terrain, one 

detectable by the acoustic footprint (Rukavina, 1997). The mean 
depth of records with values of RV exceeding 240 m3 was 20.3 m, 
at which the diameter of the 38 and 418 kHz footprints would be 
3.6 m and 2.3 m, respectively. The repeating units of relict coral 
spires and surrounding valleys, typical of the roughest areas of the 
linear and spur and groove reefs, did indeed appear in the ground-
truthing videos to occur at a sub-footprint scale, though controlled 
experimentation would be required for confirmation.

Alternatively (or additionally), the highest values of RV 
could have coincided with areas characterized by inclinations 
large enough to interfere with echo acquisition. Von Szalay and 
McConnaughey (2002) reported that bottom inclinations exceeding 
5-8º resulted in a total breakdown of QTC View classifications 
for two QTC View systems utilizing 38 kHz transducers with 
beamwidths of 7°x7° and 9°x13°, due to increased echo duration 
and side-lobe interactions affecting the shape of the first echo 
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Table 5. Summary of the ranking orders of the eight lidar-delineated benthic 
habitat classes by the depth-normalized and log-transformed 38 and 418 kHz 
acoustic energy parameters, and by reef-volume, the lidar-derived proxy for 
topographic complexity. 
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Table 6. Summary of Tukey HSD testing (with modification to control for 
sample size) of depth-normalized and log-transformed acoustic energy 
parameters E1 (tail of 1st echo) and E2 (complete 2nd echo) for the eight 
lidar-delineated benthic habitat classes. ±3σ outliers removed for normality. 
Significant differences (α = 0.05) between means denoted by ‘≠’. 38 kHz E1 
and E2 results in upper- and lower-left corners, 418 kHz E1 and E2 results in 
upper- and lower-right corners, respectively.
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Figure 7. Depth-normalized and log-transformed values of the acoustic energy parameters E1 and E2, reduced to a 20-80 percentile sub-set, plotted in the XY 
Cartesian space of the E1:E2 bottom ratio classification method for the (a) 38 kHz signal and (b) 418 kHz signal. Boxes denote E1:E2 boundaries used for accu-
racy assessment of training dataset, with corresponding labels denoting lidar-delineated benthic habitat class membership within each.  (Below) Depth profile of 
the eight lidar-delineated benthic habitat classes in order of acquisition and belonging to the 20-80 percentile sub-set.



would expect the flattest, hardest, and least colonized regions of the 
reefal habitats to occasionally produce values of E2 greater than 
those recorded over the softer sand habitats. However, at 418 kHz 
only 2.2% of the E2 records recorded over the five reefal habitats 
exceeded the 90th percentile of E2 values recorded over the three 
sand habitats. This suggests that the cause of the consistently smaller 
values of E2 recorded over reefal habitats was the result of seabed 
roughness being the primary factor controlling both E1 and E2. The 
potential for the harder substrata of the reefal habitats to produce 
large values of E2 was overshadowed by the greater proportion of 
incoherent backscatter produced by the combined contribution of 
seabed roughness and epibenthic biota. The incoherent backscatter 
from the hard but rough reefal substrata increased the value of 
E1, in accordance with the general empirical rationale for seabed 
classification, and likewise decreased the value of E2, as the 
incoherent backscatter would be less likely to complete the multi-
path circuit. Similar results were reported by Riegl et al. (2007), 
and both suggest that the values of E1 and E2 recorded over the 

rocky, rough habitats are indeed meaningful, although the effects 
of sub-footprint seabed roughness and high seabed inclination are 
likely contributing to the diminishing acoustic acuity observed at the 
highest levels of seabed roughness.

Acoustic Discrimination: E1:E2 

The orientation of the sand, deep sand, and sand over hardbottom 
habitats along an upward diagonal in E1:E2 space is consistent with 
findings from RoxAnn surveys (Chivers, Emerson, and Burns, 
1990; Greenstreet et al., 1997; Magorrian, Service, and Clarke, 
1995; Wilding, Sayer, and Provost, 2003), and agrees with the 
rationale of harder ground having a greater capability of exhibiting 
roughness (Chivers, Emerson, and Burns, 1990; Wilding, Sayer, 
and Provost, 2003). The remaining five reefal habitats, rather than 
continuing up and to the right as did the gravel and rock classes 
of Chivers, Emerson, and Burns (1990), are instead up and to the 
left of the sand habitats (i.e., higher E1, lower E2). The relative 
orientations of individual reefal habitats in E1:E2 space illustrates 
the central theme of the preceding section; E1 and E2 are both 
primarily informed by the combined scattering from substrate 
plus biotic components. For example, the relatively flat colonized 
pavement habitat grouped with the linear reef habitat in the upper-
left corner of E1:E2 Cartesian space (Figure 7). These two habitats 
differ markedly in inclination and rugosity but have in common 
a high EcoSAV-predicted gorgonian abundance. Furthermore, 
the two habitats are less intermingled at 418 kHz than at 38 kHz, 
presumably due to the shorter wavelength of the 418 kHz signal 
being more sensitive to between-habitat differences in gorgonian 
abundance. A second example is how the rugose spur and groove 
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Sand Sand Agg Spur& Linear Col 

Sand HB Deep Ridge Patch Groove Reef Pav

0.00 0.00 0.06 0.11 0.26 0.29 0.34 0.36

EcoSAV Predicted Canopy Height (m)

Table 7.  Average predicted canopy heights of the eight lidar-delineated 
benthic habitat classes obtained from processing the 418 kHz signal with 
BioSonics EcoSAV software.  Average canopy height is a surrogate measure 
of abundance of erect colonies of gorgonians.

Table 8.  Error matrices for E1:E2 bottom method seabed classification of depth-normalized and log-transformed E1:E2 pairs into the lidar-delineated benthic 
habitat classes for (a-b) all E1:E2 data and (c-d) after passing E1 and E2 through additional 20-80 percentile filters.
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habitat grouped with the relatively flat ridge habitat, the two 
otherwise disparate habitats having in common a low EcoSAV-
predicted gorgonian abundance. The grouping in E1:E2 space of 
habitats with disparate substrata but similar gorgonian abundance is 
in agreement with the findings of Kloser et al. (2001), who reported 
that echo energies relate to a combination of seabed hardness and 
roughness attributes, including epibenthic biota.

Selection of Acoustic Frequency

The acoustic interpretation of RV was effectively the same at 
either 38 or 418 kHz. The E1 parameters of both frequencies ordered 
the seven arbitrarily-selected levels of RV in strictly ascending order 
and the E2 parameters of both frequencies ordered RV in strictly 
descending order, similar to what was observed by Hamilton, 
Mulhearn, and Poeckert (1999) for RoxAnn E1 and E2 values. 
The overall classification accuracies of the 38 and 418 kHz signals 
were very similar; the question of which frequency performed best 
depended on seabed type. The 38 kHz signal provided superior 
discrimination between the nearshore sand habitat and the adjacent 
sand over hardbottom habitat, indicating the lower frequency 
penetrated the surficial carbonate sediments sufficiently to allow the 
underlying hardbottom to act as a subsurface reflector, effectively 
amplifying E2. Schlagintweit (1993) also reported greater sediment 
penetration at 40 kHz than at 208 kHz, and Greenstreet et al. (1997) 
speculated that a 38 kHz echo could penetrate as far as 1 m into the 
seabed, depending on sediment density and water content.

The 38 kHz signal was less adept than the 418 kHz signal at dis-
criminating between the intermediate-complexity reefal habitats 
and the sand habitats. For example, approximately 70% of the 38 
kHz E1:E2 pairs collected over the ridge habitat fell within the sand 
E1:E2 box, compared to just 29.6% at 418 kHz (Figure 7). Some 
acoustic confusion between habitats, regardless of frequency, was 
inevitable owing to the one acre minimum mapping unit used to 
delineate habitat classes, which resulted in some reefal habitats 
being constituted of a mixture of substrate classes. The greater 
acoustic confusion between the ridge and sand habitats at 38 kHz 
was likely due to the longer wavelength of the 38 kHz signal (4.04 
cm versus 0.37 cm at 418 kHz) interacting less with the canopy of 
erect gorgonian colonies variably present in the ridge habitat but 
absent in the nearshore sand habitat. Similarly, the 418 kHz signal 
better separated the colonized pavement and linear reef habitats 
from the other reefal habitats, due to a greater proportion of signal 
scattering contributing to E1 at 418 kHz than at 38 kHz, but pro-
vided poor discrimination of the sand over hardbottom habitat from 
the sand and deep sand habitats. These observations support the 
opinion of Kloser et al. (2001) that echo energies relate to a com-
bination of seabed hardness and roughness attributes, including 
epibenthic biota, and that the acoustic relationships are frequency 
dependent.

CONCLUSIONS

This study used spatially-coincident lidar bathymetry to 
quantitatively describe the acoustic interpretation of physical seabed 
characteristics over the extent of the survey area, instead of the 
common practice of using drop-video or scuba divers to collect 
validation data that may not adequately represent acoustic diversity. 
Inputs to the multi-echo classification method, E1 (tail of 1st echo) and 
E2 (complete 2nd echo), were critically evaluated for discriminatory 
capability. The individual acoustic energy parameters E1 and E2, 

like the lidar-derived reef-volume metric, differentiated between 
but did not unambiguously delineate lidar-delineated benthic habitat 
class. Multiple lines of evidence indicated that in the presence of 
abundant signal-scattering epibenthic biota (e.g., erect colonies of 
gorgonians), both acoustic parameters were informed primarily 
by seabed roughness. Increasing seabed roughness created more 
incoherent backscatter, increasing the value of E1 and decreasing 
the value of E2, as incoherent backscatter was less likely to complete 
the multi-path circuit. In the absence of abundant signal-scattering 
epibenthic biota, E1 and E2 were positively correlated. Although 
E1 and E2 were significantly correlated at both frequencies, there 
existed sufficient independence between the two acoustic parameters 
to successfully delineate benthic habitats using the E1:E2 bottom 
ratio seabed classification method. By all measures, the 38 and 418 
kHz signals performed similarly in terms of detecting topographic 
complexity, substrate hardness, and the presence of epibenthic 
biota. The 418 kHz signal was found optimal for discriminating the 
rougher seabeds from a joint contribution of topographic complexity 
and the presence of epibenthic biota, owing largely to the shorter 
wavelength of the high-frequency signal. The 38 kHz signal was 
optimal for resolving the flat and comparatively featureless sand 
and sand over hardbottom habitats, owing to greater penetration 
of the lower-frequency signal. The comprehensive high-resolution 
lidar ground-truthing dataset was essential for these beginning steps 
towards uncovering the complicated relationships that exist between 
the acoustic energy parameters and the varied physical attributes of 
a coral reef environment. 
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