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ABSTRACT
Critical data concerning key developments in global human history now lie submerged on continental shelves where investiga-
tions confront significant challenges. Whereas underwater excavations and surveys are expensive and weather dependent and 
require specialized training and equipment, remote sensing methods can improve chances for success offshore. A refinement in 
one method, a semi-automated analysis protocol that can help to identify Pleistocene and Holocene era archaeological deposits 
in bathymetric LiDAR datasets, is presented here. This method employs contour mapping to identify potential archaeological 
features in shallow water environments in Apalachee Bay, Florida. This method successfully re-identified multiple previously 
recorded archaeological sites in the study region and detected at least four previously undocumented archaeological sites. These 
results suggest that this procedure can expand on methods to identify and record submerged archaeological deposits in sediment-
starved, shallow-water environments.

1   |   Introduction

Around the world, coastlines typically offer an unparal-
leled richness and diversity of resources, many of which are 
available year-round, making these regions particularly at-
tractive places to live for pre- or non-agricultural peoples 
(Compton 2011; Faulkner et al. 2021; Marean 2014; Thompson 
and Worth  2011). Along with food resources, coastlines and 
their associated riverways provide unique opportunities 
to utilize watercraft and engage in trade and large-scale 
movement of people, information and materials (Bailey 
et  al.  2007; Erlandson and Fitzpatrick  2006; Fitzpatrick, 
Rick, and Erlandson 2015). For these reasons, among others, 
the study of coastal populations is critical in understanding 

how past peoples, particularly non-agricultural groups, ad-
opted new settlement, mobility and subsistence strategies 
along with novel social configurations, economic networks 
and cultural manifestations (Kirch and Hunt 1997; Turck and 
Thompson 2016). Although the modern coastline is a central 
point in current research, the archaeological study of coastal 
peoples is significantly hampered by past and current rising 
sea levels that have submerged prior coastlines—particularly 
those predating the middle Holocene (Bailey  2014; Bailey 
and Flemming  2008; Bailey and Milner  2002; Bailey and 
Parkington 1988).

Underwater archaeology has made significant strides in doc-
umenting archaeological data, including from submerged 
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sites that were formerly coastal occupations (e.g. Bailey, Harff, 
and Sakellariou 2017; Farr et al. 2017; Gaffney, Thomson, and 
Fitch 2007). Remote sensing technologies have been at the fore-
front of underwater archaeological investigation over the past 
several decades, with researchers making use of underwater ro-
botics, ship-based acoustic methods and submersible vehicles, 
among others (e.g. Fernández-Montblanc et al. 2018; Janowski 
et  al.  2021; Plets, Dix, and Bates  2013; Somma et  al.  2016). 
Submerged site prospection also benefits from predictive mod-
elling based on onshore site analogues and their proximity to 
foundational resources like freshwater and specific habitats 
(Benjamin 2010; Cook Hale and Garrison 2019; Cook Hale and 
Sanger 2020; Faught 2004a, 2004b).

Despite these advancements, it remains difficult to identify 
potential archaeological targets given the nature of submerged 
site formation processes, which subject archaeological de-
posits to subaerial and marine forces that often erode, bury, 
redistribute or otherwise destroy or obscure archaeological 
deposits (e.g. Quinn and Boland  2010). Likewise, the inun-
dation of submerged sites greatly increases the labour, ex-
pertise and expense needed to survey for these deposits and 
to test them when detected (e.g. Faught and Flemming 2008; 
Flemming, Harff, and Moura  2017). Even some of the tools 
used to help mitigate the challenges associated with working 
in an offshore environment, such as the application of onshore 
analogues to predict the presence of now inundated sites, have 
limited applicability as archaeologists are unsure whether 
earlier coastal adaptations may differ substantially from any-
thing extant in the current archaeological record (Ford and 
Halligan 2010).

Until recently, one of the most powerful remote sensing tech-
nologies used in terrestrial environments has been unavail-
able for underwater research, but advancements in Light 
Detection and Ranging (LiDAR) have created an opportu-
nity to use this technology in shallow submerged contexts 
(Doneus et al. 2013, 2020; Lobb 2016; Tian-Yuan Shih, Chen, 
and Chen 2014). With the availability of bathymetric LiDAR, 
underwater archaeologists are faced with a similar challenge 
as their colleagues working on dry land—a wealth of data 
that hold critical information but are also vast and beyond 
human capacity to analyse. Given the unique taphonomic 
conditions in underwater contexts, new tools are needed to 
effectively analyse bathymetric datasets and accurately locate 
areas of archaeological interest. We provide and test such a 
tool within this paper by using a type of object-based image 
analysis (OBIA) known as inverse depression analysis (IDA). 
We test the feasibility of this approach by using it to identify 
archaeological deposits in shallow underwater contexts in 
Apalachee Bay, Florida (Figure  1). We apply our approach 
to locate some of the most difficult to detect site types in the 
region—submerged Holocene and Pleistocene archaeological 
sites—including potential coastal occupations. In what fol-
lows, we begin by briefly describing the application of LiDAR 
in archaeology, including in underwater contexts and using 
semi-automated methods, before then providing a review of 
the archaeological context of the region, followed by a descrip-
tion of our methods, preliminary results and a discussion of 
the broader significance of this work for the region and remote 
sensing archaeology.

1.1   |   LiDAR Methods: Onshore and Offshore

The challenges of submerged landscape research have some 
similarity to those encountered in detecting terrestrial archae-
ological sites that are similarly obscured, such as those buried 
beneath a sea of vegetation or vast forest canopies. Advancement 
in LiDAR technology has revolutionized the study of other-
wise highly obscured contexts given its ability to penetrate 
through gaps in vegetation to record three-dimensional (3D) 
profiles of the landscape hidden below (e.g. Bewley, Crutchley, 
and Shell 2005; Chase et al. 2012). Most LiDAR for terrestrial 
purposes is recorded in wavelengths within the near-infrared 
spectrum (1064–1550 nm). These wavelengths are ideal for 
penetrating most types of canopy but not so for water columns, 
which scatter and attenuate visible light quite differently, and 
much more effectively, than air.

Thus, for bathymetric purposes, a different frequency range is 
necessary for successful LiDAR survey. Recent advancements 
have resulted in the creation of green or bathymetric LiDAR 
that can penetrate the water column by using smaller wave-
lengths. Originally, bathymetric LiDAR was hampered by its 
limited return point density and spatial resolution (Doneus 
et al. 2015), but over the past decade, the quality of these in-
struments has improved, allowing for a variety of archaeo-
logical applications (Character et al. 2021; Cook Hale, Davis, 
and Sanger 2023; Davis, Buffa, and Wrobleski 2020; Doneus 
et  al.  2013, 2015; Lobb  2016; Tian-Yuan Shih, Chen, and 
Chen  2014). Bathymetric LiDAR data are increasingly used 
in tandem with other remote sensing methods, like sidescan 
sonar, to record archaeological information at submerged sites 
and have proven a useful survey tool (e.g. Guyot et al. 2019; 
Veth et  al.  2020; Wiseman et  al.  2021). Bathymetric LiDAR 
has also been used as a primary method of documenting 
submerged terrestrial human habitation sites (e.g. Benjamin 
et  al.  2020; Cook Hale, Davis, and Sanger  2023; Doneus 
et al. 2013, 2020; Wiseman et al. 2021), although most applica-
tions have focused on shipwreck sites.

As bathymetric LiDAR is deployed more frequently and across 
greater areas, underwater archaeologists are increasingly faced 
with a similar challenge as their peers working in terrestrial en-
vironments—the resultant datasets are often massive, complex 
and diverse, making them difficult to analyse. Archaeologists 
working in terrestrial environments have addressed this chal-
lenge by utilizing computer learning and pattern recognition 
in order to create semi- and fully automated image analy-
sis methods (e.g. Cerrillo-Cuenca and Bueno-Ramírez  2019; 
Davis et  al.  2021; Freeland et  al.  2016; Quintus et  al.  2023; 
Rom et  al.  2020; Trier, Reksten, and Løseth  2021; Verschoof-
van der Vaart and Lambers  2019). Underwater archaeologists 
are only now beginning to develop similar tools, which have, 
again, largely been used to detect shipwrecks (e.g. Character 
et al. 2021; Davis, Buffa, and Wrobleski 2020).

1.2   |   Geology, Geomorphology and Environmental 
Conditions in Apalachee Bay

Apalachee Bay is a low-gradient, low-to-no energy, sediment-
starved marine basin. The low gradient (< 1 m in depth change 
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over 1 km) inhibits wave action, and tidal range is less than 
1 m as well. The sediment cover is often less than 1 m, with 
carbonate bedrock outcrops scattered across the seafloor, 
including along the edges of palaeochannels (Faught  1988). 
Sediment inputs into the bay are low to none from the St 
Marks/Wakulla, Aucilla and Econfina rivers because these 
rivers are sourced to the coastal plain region only; further, 
only the Aucilla River is sourced to the Cody Escarpment to 
the north, where there is a thicker cover of terrestrial sedi-
ments (primarily late Pleistocene clays, sands and gravels) 
(Upchurch 2007). The St Marks/Wakulla and Econfina rivers 
rise from the Woodville coastal karst plain, which has mini-
mal relief and sediment cover of only a few metres. Sediments 
from the Appalachicola River to the west are currently infill-
ing Appalachicola Bay instead of Apalachee Bay (Stone, Stone, 
and Stapor 1996). This leaves very little sediment available for 
transport (Hine et al. 1988).

Visibility in the Bay is thus variable. Major storms can reduce it 
to nearly 0 m due to turbidity effects on fine particulates in the 
water column. Reduced precipitation has the opposite effect, 
minimizing the already small fluvial sediment, and visibility 

can reach 5–6 m. This variation has implications for archaeolog-
ical survey, including remote sensing. Diver survey obviously is 
more difficult in reduced visibility. Methods that rely on the vis-
ible and near-visible parts of the electromagnetic spectrum have 
reduced capacity in poor water visibility; this includes aerial 
and satellite-borne remote sensing systems, which operate most 
effectively during calm, clear conditions (see Guyot et al. 2019). 
Likewise, LiDAR also has reduced utility in water conditions 
with high turbidity but has been successfully deployed in a 
range of other oceanographic conditions. Acoustic marine geo-
physical methods have been and continue to be successfully 
deployed across the bay because they are not affected by water 
visibility, but they become difficult to carry out in depths of less 
than 2 m (e.g. Guyot et al. 2019). They are often time-intensive 
efforts, as well, and currently, marine geophysical datasets have 
primarily focused on the palaeochannel of the Aucilla River, 
with minimal data for other areas of the bay. Furthermore, 
these surveys have been restricted to sidescan sonar and ma-
rine seismic methods. Thus, they do not include multibeam 
echo sounder imagery, which offers much higher resolution of 
the seabed than side scan (Faught 1988, 2004a, 2004b; Faught 
and Donoghue 1997).

FIGURE 1    |    Map of the LiDAR survey boundaries and study areas. The Aucilla River palaeochannel is top-centre, the Econfina palaeochannel 
is top-right, and Ochlocknee Shoals is bottom left. Source: Cook Hale, Davis, and Sanger (2023). 
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1.3   |   Coastal and Underwater Archaeology 
of Apalachee Bay

Underwater archaeological investigations in Florida have 
documented evidence of submerged terminal Pleistocene 
and early Holocene sites since the 1950s (Royal and Clark 
1960; Faught  2004a). Offshore investigations have centred on 
Apalachee Bay, where the peninsula meets the panhandle along 
the northeastern Gulf of Mexico. The majority of archaeologi-
cal work in the bay during the 1990s focused on detecting evi-
dence for the earliest known occupations in the region, during 
which time sea levels were lower than their present levels; sub-
sequent sea level rise has left these sites drowned on the conti-
nental shelf (Blackwelder, Pilkey, and Howard 1979; DePratter 
and Howard 1981; Faught 2004b; Faught and Donoghue 1997). 
More recent work has highlighted studies of drowned, for-
merly coastal sites (Cook Hale et al. 2022; Cook Hale, Hale, and 
Garrison 2019).

The region appears to have been densely occupied compared 
to the rest of the lower southeastern United States, even 
during periods of much lower sea levels (Anderson et al. 2019; 
Anderson and Faught  1998), probably due to its favourable 
karstic carbonate geohydrology and comparatively warmer 
climate (Dunbar  2016; Russell et  al.  2009; Watts, Hansen, 
and Grimm 1992). Two critical resources valued by early in-
habitants commonly co-occur within the region: water and 
cryptocrystalline chert (termed flint in other regions). People 
appear to have settled in close proximity to freshwater sources, 
which during the terminal Pleistocene and early Holocene 
were restricted to karstic doline (sinkhole) features that dot-
ted the landscape and attracted a variety of animal species 
(Duggins 2012; Faught and Donoghue 1997; Thulman 2009). 
The carbonate bedrock exposed in such karst landforms also 
contains abundant nodules of high-quality chert suitable for 
manufacturing sophisticated stone tools (Austin et  al.  2014; 
Upchurch, Strom, and Nuckels  1982). These palaeochannels 
and karst features, such as dolines, are still visible in bathy-
metric datasets in Apalachee Bay today (Cook Hale, Davis, 
and Sanger  2023). Archaeologists observed the association 
between karst landscape features and early sites during the 
mid-20th century and successfully extended this correlation 
as a predictive model into Apalachee Bay.

These observations led to the documentation of multiple 
offshore terminal Pleistocene and early Holocene cultural 
deposits around such landscape features during the 1980s 
and the 1990s (Anuskiewicz and Dunbar  1993; Faught and 
Donoghue 1997). The typical site configuration for sites from 
these periods included the presence of a doline feature where 
stratified deposits could be found with abundant rocky out-
crops visible above the seabed, usually in association with a de-
tectable palaeochannel feature (Faught and Donoghue 1997). 
These sites usually yielded abundant lithic debitage associated 
with tool manufacture, faunal materials and floral remains 
such as wood. These sites were interpreted as representative 
of inland activities instead of coastal resource use due to both 
their assemblages and their depths, which were shallower 
than 12 m; the continental shelf at and above this depth did 
not undergo submergence until the end of the early Holocene 
(Joy 2019, 2020).

Younger sites from the middle Holocene do not fit this pattern, 
however. An excellent example that has been examined closely 
without an association with sinkhole features is the Econfina 
Channel site. This site instead consisted of large (> 10 m), an-
thropogenic shell midden deposits along the margins of the 
Econfina River palaeochannel in around 2–4 m of water (Cook 
Hale, Hale, and Garrison  2019; Faught  2004a, 2004b; Faught 
and Donoghue  1997). Minimal faunal remains beyond shell 
have been recovered from this location, and the site is inter-
preted to represent coastal resource use as this part of the conti-
nental shelf transitioned from inland to coastal towards the end 
of the middle Holocene (Cook Hale, Hale, and Garrison 2019; 
Faught 2004a, 2004b; Faught and Donoghue 1997). Thus, it ap-
pears that now-submerged early coastal occupations in the re-
gion may depart from the typical site configuration documented 
by Faught and colleagues. Detection of additional sites is clearly 
needed before any definitive interpretations can be offered.

1.4   |   Automated Feature Extraction in 
Archaeology

Semi- and fully automated feature extraction has a growing his-
tory in archaeological research (Câmara et al. 2022; Davis 2019; 
Fiorucci et al. 2020; Lambers and Traviglia 2016). Researchers 
have successfully developed methods to identify a range of 
archaeological feature types, including mounds and earth-
works (Berganzo-Besga et  al.  2021; Caspari and Crespo  2019; 
Cerrillo-Cuenca  2017; Davis, Sanger, and Lipo  2019; Kokalj 
et  al.  2023; Meyer-Heß, Pfeffer, and Juergens  2022; Orengo 
et  al.  2020; Sărășan et  al.  2020), charcoal kilns and hearths 
(Bonhage et  al.  2021; Davis and Lundin  2021; Trier, Reksten, 
and Løseth  2021), roadways (Verschoof-van der Vaart and 
Landauer  2020), agricultural and other subsistence features 
(Bickler and Jones  2021; Küçükdemirci et  al.  2022; Trier 
and Pilø  2012) and craters from wartime artillery (Magnini, 
Bettineschi, and De Guio 2017), among others.

The most recent surge in automated feature extraction comes 
from the applications of deep learning algorithms—a specific 
form of machine learning that uses algorithms that mimic the 
human brain to make decisions—to archaeological prospection 
efforts (see Argyrou and Agapiou  2022; Câmara et  al.  2022). 
Although such methods show increasing promise (e.g. Caspari 
and Crespo 2019), they require large volumes of training exam-
ples to work effectively. Though some studies have made strides 
in training effective models with limited training datasets (e.g. 
Davis et al. 2021), these methods also require high levels of com-
putation resources that make them difficult to implement for all 
researchers.

Other semi-automated algorithms, in contrast, do not always 
require large training datasets and generally have lower com-
putation requirements than more advanced machine learning 
and deep learning approaches. OBIA offers a variety of tech-
niques that incorporate information about object morphology 
and texture to detect potential archaeological features from 
remotely sensed data (see Davis, Lipo, and Sanger 2019; Davis, 
Sanger, and Lipo 2019). Although OBIA methods vary widely, 
one particular form of object-based detection that relies on 
changes in elevation has shown to be particularly useful for 
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archaeological purposes (e.g. Cody and Anderson 2021; Davis, 
Lipo, and Sanger  2019; Davis and Lundin  2021; Freeland 
et al. 2016; Rom et al. 2020). Hydrological algorithms are used 
in this process to identify changes in topographic concav-
ity or convexity (i.e. rises and sinks). Then, using a series of 
thresholds (e.g. area, shape), these topographic anomalies can 
be assigned classes corresponding to archaeological or non-
archaeological contexts. In the Pacific, Freeland et al. (2016) 
developed the imound algorithm, which co-opted pre-existing 
hydrological algorithms to identify mound architecture 
throughout the island of Tonga. In more recent follow-up re-
search, Rom et al.  (2020) use the imound method to develop 
a robust record of archaeological settlements in Lebanon. 
In North America, Davis  (2019) developed a similar proce-
dure using extant hydrological sinkhole algorithms to iden-
tify mound architecture and shell rings along coastal South 
Carolina.

All of the aforementioned studies are applied in solely ter-
restrial contexts. More recently, there have been some at-
tempts to apply automated feature extraction to underwater 
archaeological environments. For example, Davis, Buffa, and 
Wrobleski (2020) use similar forms of hydrological depression 
algorithms to identify shipwreck sites in bathymetric datasets 
along the coastline of the United States. Their method resulted 
in a detection rate of over 70% and required no training data-
sets. Another example of automated feature extraction in un-
derwater archaeology is a deep learning method developed by 
Character et  al.  (2021) to identify shipwreck sites in bathy-
metric LiDAR and sonar datasets. Their method required a 
training sample of over 400 shipwrecks, resulting in over 90% 
accuracy. Here, we follow a similar approach to Davis, Buffa, 
and Wrobleski  (2020), as training data are more limited for 
our study region, making a deep learning model untenable for 
identifying underwater archaeological sites in this area. This 
is a common problem for underwater archaeological research 
as our knowledge of submerged sites is often confined to spe-
cific target areas, given the difficulty and expense of conduct-
ing underwater surveys and excavations.

This study examines a method by which semi-automated analy-
sis of bathymetric LiDAR datasets can be used to study human 
occupations of prior shorelines and coastal regions. We posit 
that the identification and analysis of these submerged, formerly 
terrestrial sites has the potential to inform several critical ques-
tions, including those concerning human reactions to changing 
climates and coastline positions since the last glacial maximum 
(LGM) and into the middle Holocene. It will also further assist 
in the assessment of submerged site formation processes by of-
fering offshore examples for additional analysis and comparison 

with onshore analogues. Depending on marine conditions 
(depths above or below wave base or storm wave base, sedimen-
tation rates, tectonic effects, etc.), such sites may or may not be 
stable—a topic of current debate (Benjamin et  al.  2022; Cook 
Hale et al. 2022; Ward et al. 2022).

Regardless of the outcome of the above debates, such efforts are 
essential for maximizing our ability to examine the entire cul-
tural landscape, from earliest occupations to the final submer-
gence of the middle Holocene coastal zone. This specific method 
will be evaluated for its efficacy in detecting archaeological de-
posits with a low degree of false negatives (Type II errors). It will 
also be compared against predictive models for the region that 
assume high archaeological potentials along the margins of pa-
laeochannels. Finally, to mitigate against small sample sizes (a 
perennial problem in submerged landscape prospection), it will 
be tested against a random point distribution overlain across the 
study areas.

2   |   Materials and Methods

2.1   |   Bathymetric LiDAR Survey

Bathymetric LiDAR surveys of the Apalachee Bay were com-
missioned by the Aucilla Research Institute between 2016 
and 2022. The areas included in these surveys consist of 
three zones of archaeological interest: the Aucilla River pa-
laeochannel, the Econfina River palaeochannel (where prior 
archaeological sites have been documented) and Ochlocknee 
Shoals, which is poorly understood but is located near several 
palaeochannel systems with high probability of archaeologi-
cal deposits (Figure 1). The specifications of these datasets are 
presented in Table 1.

To parse through the bathymetric LiDAR data systematically, a 
form of OBIA known as IDA was employed (Figure 2) (Davis, 
Buffa, and Wrobleski  2020; Davis, Lipo, and Sanger  2019). 
Depression algorithms, of which there are many, have been 
utilized for a wide range of purposes by hydrographers, geogra-
phers and archaeologists. This study specifically uses a hydro-
logical depression algorithm originally designed for detecting 
sinkholes that operates using a contour-tree procedure (Wu 
et  al.  2015; Wu and Lane  2016). The contour-tree procedure 
works by searching for low elevation values and then seeking 
out subsequently higher values surrounding that location to 
identify topographic depressions (Wu et al. 2015). This method 
has been adopted for archaeological research, including under-
water archaeology (e.g. Davis, Buffa, and Wrobleski 2020). The 
Wu et  al.  (2015) algorithm is available as an ArcGIS toolbox 

TABLE 1    |    Data specifications for bathymetric LiDAR used in this study.

Study area Area covered
Minimum 
point density

Root mean 
square error

Non-vegetated 
vertical accuracy

DEM 
resolutiona

Aucilla River palaeochannel 15.80 km2 2 points/m2 10 cm 19.6 cm 0.76 m (2.5 ft)
Econfina palaeochannel 30.82 km2 2 points/m2 10 cm 19.6 cm 0.76 m (2.5 ft)
Ochlockonee Shoals 38.66 km2 6 points/m2 10 cm 19.6 0.91 m (3 ft)

aAll LiDAR data were collected using imperial measurements (ft), and all analyses thus were originally conducted using imperial units. As such, we report both the 
imperial and metric equivalents here.
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(Depression Analysis Toolbox), all analytical procedures were 
carried out in ArcGIS 10.8.1 (ESRI 2020). This same toolbox can 
also be run in ArcGIS Pro.

To identify elevated topographic anomalies that may be associ-
ated with anthropogenic activities (e.g. mounds and middens), 
this study modifies the Wu et al. (2015) method by creating an 
‘inverse DEM’, wherein elevation values are inverted to allow for 
mounded features to be recognized by the depression detection 
algorithm. The formula to create an inverse DEM (or DEM−1) is 
as follows:

where DEM−1 = the inverse DEM, r = the original DEM, Zmax = the 
maximum DEM value and Zmin = the minimum DEM value.

Next, the Extract Sink tool was used next [parameters: de-
pression minimum size (i.e. the minimum area for identified 
features) 300 ft2; buffer distance (i.e. the minimum distance 
between identified features) = 5 ft] to isolate areas representing 
potential mound and midden features within the study region. 
The Identify Depression Hierarchy tool followed the Extract 
Sink tool [parameters: contour interval = 1 ft; base contour = 0 
(default); minimum area = 100 ft2; minimum depth = 1 ft] to map 
specific boundaries of suspected archaeological mound/midden 
deposits. These parameters were derived by examining the sizes 
of other known terrestrial archaeological mounds in the south-
eastern United States (Crusoe and DePratter 1976; Gibson 1994; 
Saunders 2017). We explicitly limited our parameters to target 
larger features that can be reliably identified within the avail-
able LiDAR data. With higher or lower quality LiDAR, the size 
of identifiable features changes, and so these parameters must 

be adopted to the specifics of the available data and environmen-
tal context of the study area. Finally, all results of the Identify 
Depression Hierarchy tool that were located above sea level in 
the original DEM (> 0 ft.) were removed, and the remaining 
results were evaluated manually on the basis of morphome-
try, environmental context, size and 3D profile to extract pos-
sible anthropogenic features. Specifically, circular and oblong 
features with 3D profiles showing elevations of at least 1.64 ft 
(0.5 m) tall and 100 ft (30 m) long were targeted because these are 
commonly characteristic of terrestrial mounds and midden sites 
in the southeastern United States. Finally, these features, which 
were originally delineated in polyline contours, were localized 
to their centroid locations for ease of assessment during targeted 
diver surveys.

2.2   |   Model Testing

To assess the model's accuracy, results were assessed against 
known archaeological deposits in Apalachee Bay (n = 17). Where 
available, high-resolution locational data on individual deposits, 
such as shell midden lithic quarry zones, were compared to results. 
In other cases, the only data from older site records were geospa-
tial coordinates for the site centroid derived from Florida Master 
Site File records, and these were used when they were the only 
site data available. Site centroids do not represent specific deposits, 
only a datum point established during archaeological survey. Site 
centroids were compared against the contoured polylines of poten-
tial anthropogenic features identified during IDA. It is important 
to note that the centroids for the polyline contoured, potentially 
anthropogenic features identified during IDA were derived during 
out analysis, and site centroids from the Florida Master Site Files 
records were derived using the Florida Master Site File records 

DEM−1 =
((

r − Zmax
)

× ( − 1)
)

+ Zmin

FIGURE 2    |    Illustration of methods workflow. Bathymetric LiDAR was collected from a Cessna aircraft. The point data were then interpolated 
into a digital surface model (DSM). Next, we inverted the derived DSM to allow established topographic depression (or sink filling) algorithms to 
identify anthropogenic mound/midden anomalies present in the data. These detections were manually evaluated, and select sites were chosen for 
ground verification via SCUBA survey. Photo credit: Trevor Johnson. 
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themselves; thus these centroid locations were developed prior to, 
and very separately from, our analyses.

2.2.1   |   Diver Survey

Diver survey using SCUBA was conducted at 16 locations. 
Eleven locations were centroids derived from polyline contours 
identified by IDA and were tested for false positives. Five lo-
cations that were consistent with previous predictive models 
(proximity to possible palaeochannels/possible spring locations) 
used in the region were tested at Ochlocknee Shoals to test for 
false negatives. Because of the challenges associated with un-
derwater surveys, not all anomalies could be visited.

Diver surveys were carried out during three field campaigns during 
the summer of 2022 (see Cook Hale, Davis, and Sanger 2023) and 
one field campaign during the summer of 2023. At each survey 
site, divers conducted circular survey searches (Bowens and 
NAS  2009; Wilkes  1971) within 50 m of the identified centroid 
locations to search for artefacts that may be associated with the 
topographic anomaly. Water depth, sediment type, geologic con-
ditions, the presence or absence of rock outcrops, vegetation (e.g. 
eelgrass), palaeochannels and archaeological materials were all 
recorded during surveys by dive computer, photography and field 
notes where possible. The discovery of cultural artefacts within 
this vicinity were marked as true positives, due to the potential 
for site disturbances. Sediment, archaeological material and geo-
logic material were collected as samples during diving surveys. 
Photography and videography were carried out in the Econfina 
and Aucilla River palaeochannels, but reduced visibility at 
Ochlocknee Shoals did not permit for this kind of documentation 
in 2022; photography and videography were both successfully re-
corded during 2023 along the Aucilla palaeochannel.

2.2.2   |   Correlation Analysis

Correlation analysis was carried out using ArcMap 10.8.1 
(ESRI 2020). To augment diver survey results, 17 previously re-
corded archaeological sites were selected across the entire extent 
of the study areas and assessed for correlation to anomalies iden-
tified by IDA. IDA anomalies—in the form of the polyline con-
tours identified in analysis—individual archaeological deposit 
locations, results from diver survey at IDA anomaly targets and 
site centroids were plotted and spatially assessed to see how well 
these features correlate to one another.

For correlation analysis, all locations were tabulated according 
to their proximity to IDA anomalies, previously recorded sites 
and previously recorded individual archaeological deposits. 
Locations that correlated to both IDA anomalies and archae-
ological deposits, whether previously documented or newly 
detected, were labelled true positives (TP). Where locations 
correlated to IDA anomalies but not archaeological materials, 
they were labelled false positives (FP) as a shorthand for Type I 
errors. IDA anomalies were labelled as true positives when the 
following conditions were met: Diver survey detected archaeo-
logical materials within 50 m of the anomaly centroid; when an 
individual archaeological deposit recorded in past surveys lay 
within 50 m of the anomaly polyline contours; or when a site 

centroid recorded in past surveys lay within 100 m of the anom-
aly polyline contours.

The wider search radius for site centroids and random points 
was used because site centroids do not represent specific depos-
its, only a datum point established during archaeological survey. 
Further, many of these earlier surveys were carried out during 
the late 1980s and the 1990s when LORAN-C coordinates were 
used because GPS technology was not yet available; this leads 
to potentially less accurate and precise locational data. Data for 
the individual archaeological deposits collected in previous sur-
veys were acquired no earlier than 2014, however (Cook Hale, 
Hale, and Garrison 2019), and GPS coordinates are much bet-
ter resolved. However, such deposits are potentially vulnerable 
to disturbance during marine transgression and may not lie 
exactly within an IDA anomaly boundary defined by polyline 
contours. Nevertheless, such materials are unlikely to be further 
than 50 m from their source, based on studies of archaeological 
site disturbances caused by marine forces in this region (Cook 
Hale et al. 2022; Marks 2006). Furthermore, an archaeological 
deposit must be further than 100 m away from another deposit 
to be classified as an individual archaeological site or find spot 
by the Florida State Master Site Files at the Florida Bureau of 
Archaeological Research.

To improve correlation analysis, it was also necessary to test for 
Type II errors, termed false negatives (FN), against true nega-
tives (TN), where neither archaeological materials were detected 
or an IDA anomaly was present. Type II errors were identified 
where a documented site centroids or documented archaeologi-
cal deposits did not correlate to an IDA anomaly using the same 
search radii (50 m for archaeological materials/deposits, 100 m 
for site centroids).

To improve the small sample size, a shapefile of randomly dis-
tributed points was generated in ArcMap within the boundaries 
of the bathymetric LiDAR footprints at a density of 0.24/km2. 
This density was chosen by using the site density distribution 
within the bathymetric LiDAR footprint for the Aucilla. Site dis-
tribution varies within the LiDAR study areas; the Aucilla study 
area is the best surveyed of the three, the Econfina palaeochan-
nel has only been intensively studied since 2014, and the 2022 
field surveys at Ochlocknee Shoals were the first archaeological 
assessments for which records existed (though it may be the case 
that it was examined to some degree in during the 1980s and the 
1990s by Faught, Dunbar and colleagues, no records could be 
found during this study demonstrating specific attention to the 
area). Therefore, the site density for the Aucilla palaeochannel 
may be more representative of archaeological distributions in 
Apalachee Bay. This resulted in the generation of 35 randomly 
distributed point locations within the boundaries of each of the 
LiDAR footprints for a total of 105 random points. These ran-
dom points were then assessed for proximity to IDA anomalies 
and known sites within the bathymetric LiDAR footprints.

Although the nature of ‘true’ and ‘false’ positive and negative 
identifications is difficult to gauge with certainty given the 
limits of diving surveys, we adopt the following criteria for 
evaluating the results of our methods. We consider any loca-
tions that were both predicted to be archaeological by IDA and 
that yielded archaeological materials during diving surveys 
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Archaeological Prospection, 2024

or previous investigations as a true positive. We consider any 
location predicted to be archaeological where archaeological 
materials were not recovered as a Type I error (false positive). 
A location predicted to be non-archaeological at which archae-
ological materials were recovered is labelled a Type II error 
(false negative). A location predicted to be non-archaeological 
at which archaeological materials were not recovered is la-
belled a true negative. In future investigations, ‘true nega-
tives’ could yield archaeological data, but given our current 
understanding of these areas and capacity to investigate them, 
we have no current evidence to suggest anthropogenic origins.

Once the random point file was added to the database, we tested 
a total of 139 locations. This improved the sample size, but it is 
acknowledged that this is still small and represents a limitation 
in this study; it should be noted that the number of known sub-
merged terminal Pleistocene to middle Holocene sites in the re-
gion and indeed, globally, is also small. The sample size problem 
cannot be addressed without detecting additional sites, which is 
one of the goals of this study.

3   |   Results

3.1   |   Diver Survey

IDA analysis revealed 30 centroids correlating to the con-
toured anomalies along the Econfina, 31 centroids along the 
Aucilla and 15 centroids in Ochlocknee suitable for diver 

surveys to ground test for archaeological materials (Figure 3). 
Due to limitations on time and weather conditions, not every 
target could be tested via diver survey. A total of 16 targets 
were tested. One target was visited along the Econfina palaeo-
channel (2022), five targets were visited along the Aucilla pa-
laeochannel (2023), and 10 targets were visited at Ochlocknee 
Shoals (2022) (Table 2).

One target along the Econfina palaeochannel (Newton McGann, 
pending site number assignment) was positive for archaeological 
materials. Like the Econfina Channel site, this site consists of a 
shell midden situated along the margin of the Econfina palaeo-
channel (Cook Hale, Davis, and Sanger 2023). The deposits are 
approximately 1 km north of the Econfina Channel Site (site ID 
8TA139). Midden materials were observed to be primarily inter-
digitated within rocky outcrops at the site as well as within the 
eelgrass beds. The Newton McGann site presented evidence of 
marine/estuarine subsistence and cooking activities in the form 
of burnt, disarticulated Crassostrea virginica (oyster) shells and 
one burned Clypeaster rosaceus (sea biscuit, likely representing 
by-catch).

Five additional targets along the Aucilla were tested in 2023, 
and three were positive for archaeological materials. The three 
locales all yielded lithic debitage; the first (Target 1; see Table S1) 
contained the remains of a small oyster shell midden below the 
sandsheet as well as a chopper tool and possibly a hammerstone; 
shell materials are consistent with coastal subsistence patterns, 
whereas the lithic items could have been used anywhere along 

FIGURE 3    |    Results of IDA analysis and diving surveys. 
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the landscape (Figure 4). The second (Target 3) contained large 
debitage material consistent with primary reduction sequences 
such as those that might be carried out at a quarry site. The third 
(Target 4) contained smaller, secondary or tertiary reduction 
debitage consistent with tool finishing and/or resharpening, 
which may be carried out at multiple site types.

Ten locations were surveyed along Ochlocknee Shoals. Five cor-
responded with IDA identifications. No archaeological materi-
als were recovered at any of these locations. We also tested five 
additional locations that IDA did not predict as archaeological. 
Archaeological materials were absent at four of these locations, 
but a single lithic item that is potentially an artefact was found 
at one of them. This target was located in the northwesternmost 
point in the Ochlocknee study area, at the location that was out-
side of full LiDAR coverage and within 100 m of a bathymetric 
low that may represent a palaeochannel feature (Figure 3; Cook 
Hale, Davis, and Sanger 2023).

3.2   |   Correlation Analysis

Five discrete archaeological deposits in the region of the 
Econfina Channel site (8TA139) were correlated to within 100 m 
of anomalies identified by IDA. Three of these were composed 
of midden deposits, and two were composed of quarry zones 
where stone tool manufacturing was carried out next to rock 
outcroppings. Twelve previously recorded sites located inside of 

the LiDAR boundary along the Aucilla were also re-identified. 
Finally, the random point shapefile (n = 105) was tested for cor-
relation to IDA anomalies and known archaeological site cen-
troids across the study areas (Table S1 and Figure 5).

We calculated several different performance metrics to assess 
how well random distributions correlated to DA anomalies in 
comparison to study results (Table  3). Overall, accuracy was 
calculated at over 80% with low rates of false positives and neg-
atives. However, precision, recall and F1 metrics indicate some 
issues with misclassification.

4   |   Discussion

4.1   |   Correlation Analysis

Results have several implications for detection and examination 
of archaeological deposits within submerged landscapes. The 
method was more effective in sediment starved locations like 
Econfina and Aucilla but has difficulties in isolating anthropo-
genic features in regions of high sedimentation like Ochlocknee 
(Table 2; also see Cook Hale, Davis, and Sanger 2023) where the 
only potential human-modified item was recovered in a con-
text more consistent with older regional predictive models. In 
the sediment-starved eastern portion of the bay, however, IDA 
successfully re-identified all previously recorded archaeological 
sites and/or deposits in the Econfina palaeochannel and 11 out of 

TABLE 2    |    Summary of diver survey results.

Study area Total points tested Predicted by IDA Archaeological Non-archaeological
Aucilla River palaeochannel 53 16 17 36
Econfina River palaeochannel 41 12 6 35
Ochlocknee Shoals 45 10 1 43

Note: For additional information, see Table S1.

FIGURE 4    |    Items recovered from along the Aucilla palaeochannel during the 2023 field campaign. (A) Wood, likely bald cypress (Taxodium 
distichum) from Target 4; (B) fragmented secondary or tertiary lithic debitage from Target 4; (C) a potential chopper tool from Target 1; (D–F) primary 
lithic debitage with abundant cortex material recovered from Target 3. Photo credits: Jessica Cook Hale, Nathan Hale and Trevor Johnston. 
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the 16 previously recorded sites along the Aucilla. Additionally, 
IDA detected one new archaeological midden deposit along the 
Econfina and three new sites along the Aucilla.

Results indicate that the method does return false positives (Type 
I errors) but does not have the same potential for false negatives 

(Type II errors). This suggests that the method is less likely to iden-
tify a target as non-archaeological when it is, in fact, archaeolog-
ical. This is critical because the geology of sea floors in this area 
could increase the prevalence of Type I errors, and yet IDA yields 
low Type I error rates. Geologic features (like rocky outcrops) are 
known to have trapped lag deposits within which archaeological 

FIGURE 5    |    Locations of random test points used in correlation analysis. 

TABLE 3    |    Confusion matrix and accuracy assessment of the IDA.

Actual
Predicted Archaeological Not archaeological

Archaeological 16 24
Not archaeological 8 91

Accuracy 0.77
Misclassification 0.23
Precision 0.40
Recall 0.67
F1 0.50
Type I error (false positives) 0.12
Type II error (false negatives) 0.06

180

 10990763, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/arp.1939 by SE

A
 O

R
C

H
ID

 (T
hailand), W

iley O
nline L

ibrary on [16/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



materials can be found and can act as barriers to erosion that pre-
served cultural deposits. Although such geologic features strongly 
correlate to documented archaeological features, the low preva-
lence of Type I errors suggest that IDA detections do not necessar-
ily correlate with rocky outcrops. Additional study is warranted, 
however. Without a full diver survey across the entire study region, 
we cannot say with certainty that areas without detected archaeo-
logical materials are non-archaeological; this will require further 
model refinement and repeated follow-up surveys and excava-
tions. Despite these statistical and logistical challenges, future ap-
plications of IDA to non-bedrock or hydrographic features will be 
useful for assessing the current conflation between archaeological 
deposits and seabed geomorphology.

4.2   |   Significance for Studying Submerged 
Cultural Landscapes

The submerged continental shelf of the southeastern United 
States is important for exploring multiple critical archaeologi-
cal questions with global implications. Key data associated with 
human adaptations to climate change, sea level rise and human 
use of coastline zones lie drowned on the continental shelves 
across the world (Bailey et al. 2007; Bailey and Flemming 2008; 
Benjamin and Bailey 2017; Fitch 2022; Walker et al. 2022). In the 
Americas, large portions of these shelves likely hold evidence 
concerning the evolution of human settlement patterns and ar-
ticulation with changing ecologies in North America from the 
earliest occupations until the establishment of current climate 
and coastline conditions. The continental shelf of the southeast-
ern United States represents a particularly significant propor-
tion of land lost between the LGM and the late Holocene; Florida 
lost at least 40% of its total landmass (Joy 2019). However, there 
are relatively few demonstrated submerged sites to examine in 
comparison to this extent of lost coastal plain, making it difficult 
to assess human reactions to climate change and marine trans-
gression; simply put, it is impossible to grasp the nature and 
degree of this data gap without detecting and examining more 
such submerged sites.

There are multiple hypotheses regarding the lives and cultures 
of the earliest inhabitants of North America. Some argue that 
these communities were highly mobile and focused on hunting 
activities as a primary mode of subsistence (Bense 2016; Haas 
et al. 2020; Moore et al. 2016). Other studies demonstrate that 
this was not ubiquitous (Anderson 1995; Jones 2018), including 
in the southeastern United States, where sites like Carson-Conn-
Short (40BN190) in the Tennessee River Valley yielded evidence 
suggesting that sedentism and intensifying land use practices 
developed as early as the terminal Pleistocene (Anderson 1995; 
Jones  2018). However, most recorded terminal Pleistocene 
sites in the southeastern United States lie inland and above sea 
level. Coastal sites dating to this period that might offer insight 
into this question are rare in the southeastern United States 
(Anderson et al. 2019; Anderson and Faught 1998).

The contrast between inland and coastal sites is critical to 
evaluating variation in cultural adaptations before the late 
Holocene both in the Americas and across the globe because 
coastal zones are one ecological niche where early sedentism 
and intensified land use absent adoption of agriculture has 

been observed at a global scale (Boethius  2017; Erlandson 
et  al.  2020; Thomas  2008, 2014). Coastal sites in the south-
eastern United States became increasingly archaeologically 
visible after the onset of the middle Holocene and experienced 
an impressive fluorescence by the onset of late Holocene con-
ditions (Anderson et al. 2017). This trend may result from site 
preservation and survey bias (O'Donoughue  2007) but may 
also relate to warming climatic conditions, which improved 
the productivity of riverine and coastal fisheries (Cook Hale 
and Sanger  2020). These improved climatic conditions coin-
cide with a cultural shift towards increased population sizes 
and sedentism, particularly in large complexes with mound 
architecture situated in river valleys (Anderson, Russo, and 
Sassaman 2007; Milner 2021). The exact nature of the cultural 
transition between highly mobile communities during the ter-
minal Pleistocene and the shift towards sedentism in the early 
to middle Holocene in this region is not fully understood, 
partly due to this specific data gap. However, it is likely that 
key evidence for these cultural variations lies offshore (Cook 
Hale, Hale, and Garrison 2019; Stright 1986).

The analysis of bathymetric LiDAR and computer-assisted 
analytical methods therefore offer significant advances to 
southeastern archaeology of the United States. Dense coastal 
occupations with evidence for accelerating cultural develop-
ments such as sedentism, intensive use of estuarine and other 
coastal resources and incipient examples of monumental ar-
chitectural and/or terraforming are widespread in this region 
after the onset of the middle Holocene (Anderson, Russo, and 
Sassaman  2007; Russo  1994, 1996; Saunders and Russo  2011; 
Thompson and Worth 2011). Some of the earliest coastal settle-
ments in Florida appeared nearly 7000 years ago, though most 
post-date 5000 years ago (Russo  1994). However, regional sea 
level curves suggest that many now-submerged, formerly coastal 
sites exist (Anderson, Russo, and Sassaman  2007; Joy  2019; 
Jackson et al. 2023).

Apalachee Bay has already demonstrated significant cultural 
deposits from the terminal Pleistocene to the middle Holocene, 
and these submerged archaeological sites clearly show a shift 
from inland occupations around karst landscape features 
during the terminal Pleistocene to coastally adapted middle 
Holocene occupations characterized by shell midden deposits 
next to river channels in estuarine marsh settings (Cook Hale, 
Hale, and Garrison  2019; Cook Hale et  al. 2021; Faught and 
Donoghue 1997; Faught 2004a, 2004b). Even more importantly, 
archaeological deposits can survive with reasonable horizontal 
integrity in at least some cases, including low-energy conditions 
such as those found in Apalachee Bay, making spatial interpre-
tations within such deposits more sound (Benjamin et al. 2022; 
Cook Hale et al. 2022; cf. Ward et al. 2022).

As such, the presence of large (now submerged) sites including 
those with evidence for coastal resource use such as shell mid-
dens is needed to better grasp the deep history of coastal human 
presence and adaptation to fluctuations in climatic and envi-
ronmental conditions, including sea level changes. Although 
much is known about human coastal occupation after the mid-
dle Holocene, inundated sites that date to earlier (> 7000 BP) 
(DePratter and Howard 1981) have the potential to shed badly 
needed light on the changes in subsistence, settlement and 
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socio-political organizational patterns of communities living 
during and before the middle Holocene. This is especially im-
portant as these communities would have had to cope with 
notable changes to their environments along with rising sea 
levels and shifting climatic conditions (Anderson, Russo, and 
Sassaman 2007; Cook Hale and Garrison 2019; Cook Hale and 
Sanger 2020).

The use of methods like deep learning and machine learning has 
proven highly successful in many case studies (e.g. Berganzo-
Besga et  al.  2021; Caspari and Crespo  2019; Verschoof-van 
der Vaart and Lambers  2019), including underwater contexts 
(Character et  al.  2021), but one major limitation of such ap-
proaches is the need for large training datasets to create reliable 
models. Submerged, formerly terrestrial sites are scant com-
pared to their terrestrial analogues, making it more difficult to 
develop training datasets. The method we present here is partic-
ularly useful because it does not initially require training data, 
which expands its utility for investigating less documented and 
poorer known sites where such training data is not available (e.g. 
Davis and Lundin 2021). Although sample sizes are still small, 
the implementation of IDA aided in the direction of SCUBA sur-
veys and led to new archaeological discoveries. However, it will 
be improved by continued applications.

Additional testing both in Apalachee Bay itself and in differ-
ent regions will improve sampling size. It will also be helpful 
to explore whether results are dependent on regional archae-
ological trends and/or sampling methods used. Finally, ad-
ditional testing can help assess the significance of potential 
correlations between submerged archaeological deposits and 
non-anthropogenic seabed features. This, in turn, can im-
prove the performance of this method and inform the develop-
ment of future methods.

Other 3D data types such as multibeam echosounder may 
also be suitable for the application of such automated fea-
ture extraction techniques, and this should also be explored. 
Bathymetric LiDAR can be hampered by sedimentation rates 
that bury archaeological deposits, water depth that attenuates 
the laser and overall water quality (e.g. turbidity). It would be 
useful to test IDA using high-resolution multibeam data (resolu-
tion < = 0.25 m, minimum) to explore the potential for applica-
tions to remote sensing data other than LiDAR.

Although these results are preliminary and require additional 
testing in larger and/or different areas, they are promising for 
expanding our knowledge of submerged archaeological site dis-
tributions. Future studies may provide important context to the 
nature of submerged human occupations. In light of the modern 
climate crisis, evidence of human adaptations to changing envi-
ronmental conditions, particularly sea levels, can be invaluable 
for local and global responses to similar situations now and in 
the future (Douglass and Cooper 2020). There has been exten-
sive research that documents evidence of early human occupa-
tions in now-submerged landscapes, including coastal human 
occupations around the world. New analytical approaches that 
help to automate some of our evaluations of these underwater 
landscapes have the potential to locate an abundance of sub-
merged archaeological sites. These sites hold important infor-
mation about how past people responded to climate change and 

long-term records of how human activities have impacted ter-
restrial (and now underwater) environments. Understanding the 
complex interrelationships between climate and society are vital 
for planning sustainability and resilience strategies in the pres-
ent, and our approach offers one initial step that can expedite the 
rate of archaeological discovery needed to make these strides. 
The method presented here may allow for more efficient targeting 
of submerged cultural landscapes for archaeological assessment, 
which is highly useful for a sub-field that arguably involves more 
significant logistical challenges than terrestrial or shipwreck ar-
chaeology (Faught 2014; Faught and Flemming 2008).

5   |   Conclusion

Our study demonstrates the potential for airborne bathymetric 
LiDAR datasets and computer-assisted image analysis to aid 
archaeological and cultural resource management projects in 
environments where conditions are conducive to its success, 
such as shallow, low-energy, low-sedimentation marine basins. 
Additionally, such shallow water environments can contain rich 
histories of human occupation. Likewise, advances in geophys-
ical prospection techniques have greatly expanded our ability 
to study these hidden records of human history. Much like ter-
restrial archaeology, however, making effective use of massive 
datasets requires additional advancements in processing meth-
ods to ensure that we use these data to the fullest. As presented 
here, semi-automated processing of bathymetric LiDAR can 
successfully identify archaeological sites at a statistically sig-
nificant level with an acceptable rate of error, both known and 
previously unrecorded, within locations where extant midden/
mound-type deposits are exposed on the seabed surface. It is ev-
ident that such image analysis methods are important for the fu-
ture of underwater archaeological investigations, particularly of 
widespread landscape-scale analyses of submerged settlements 
and palaeogeomorphology.
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