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Measuring coral disease lesions:
a comparison of methodologies
Karen L. Neely*

National Coral Reef Institute, Nova Southeastern University, Dania Beach, FL, United States
The presence of stressors, particularly disease, on corals necessitates

assessments of their severity in order to compare threat levels and to plan for

impacts. Diseases in particular are often measured via the rate at which a lesion

moves across a coral (lesion progression rate) to determine the impact of those

lesions and also to compare virulence across species, regions, and disease types.

Lesion progression can even be used as a field indicator for disease identification.

Many different methodologies have been used to measure lesion progression

rates. These may be field-based or photographic measurements, and they

include linear progression rates as well as areal progression rates. All methods

have pros and cons, including varying levels of accuracy and repeatability,

variability with respect to colony and lesion sizes, and time and computational

requirements. Additionally, not all metrics can be directly compared, and so

experiments done with the intent to compare with previous work must consider

methodologies used in former studies. Areal progression rates have high

variability, but can provide impressive information on overall tissue loss.

Overall, linear lesion progression rates provide more accurate and less variable

assessments of loss, and are better used for comparisons. Using the average of

multiple linear measurements may further increase precision. Measuring from

photographs rather than direct field measurements provides a more permanent

and repeatable record, but outside of directly planar surfaces is likely to yield

inaccuracies. The emerging use of 3-D photogrammetry can overcome many of

these limitations, but the methods require considerable time and computational

power. The pros and cons of each methodology should be assessed during

experimental design to best answer the hypotheses in question as well as

consider whether comparisons to other studies are valid.
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1 Introduction

Disease is one of the primary stressors impacting tropical stony corals. Since first

identified in the 1960s (Squires, 1965), the number of described coral diseases has

continued to grow. Additionally, their impact on reef ecosystems has accelerated

(Goreau et al., 1998; Richardson, 1998), a trend expected to continue (Maynard et al.,
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2015). Spatially and temporally constrained outbreaks of diseases

such as black band disease and white plague can cause significant

declines in local coral cover (Richardson et al., 1998; Sato et al.,

2009). Larger Caribbean-wide outbreaks of diseases like white band

disease and stony coral tissue loss disease (SCTLD) have resulted in

catastrophic loss of susceptible species (Aronson and Precht, 2001;

Neely et al., 2021), region-wide declines in coral cover, density, and

diversity (Estrada-Saldıv́ar et al., 2021; Heres et al., 2021; Hayes

et al., 2022), and changes to reef ecosystem function (Estrada-

Saldıv́ar et al., 2020; Alvarez-Filip et al., 2022). Not surprisingly, the

study of these diseases continues to increase in order to better

understand and potentially manage or mitigate them.

Technological innovation since the early days of disease

assessment provides novel insights into histology, microbiome

components, and the “‘omics”. But basic field observations on

how fast disease lesions move across coral colonies are still

important as a primary way of distinguishing among different

diseases, assessing the severity of their impacts on coral colonies,

and identifying seasonal or other patterns in virulence.

The two primary metrics for assessing lesion progression

rates are:
Fron
1. Linear progression rate, defined as the linear distance that a

lesion moves across a colony over time, generally reported

as cm/day, cm/week, or cm/month. Methods for measuring

this include in-water measurements using natural or

installed fixed points on the coral, or using photographs

to measure from natural or fixed points.

2. Areal progression rate, defined as the amount of tissue killed

by a progressing lesion over time, generally reported as

cm2/day, cm2/week, or cm2/month. Methods for measuring

this include direct measurements of lesions in the field as

well as more general field estimations of percent recent

mortality, which can be converted to estimates of lost tissue

if colony size is known. More precise methods include using

photographs to a) measure maximum length and width of

lesions, b) draw digital polygons around lesions, or, more

recently, c) use three-dimensional photogrammetry to

measure lost tissue area.
These measurements of lesion progression form a baseline for

understanding and comparing past, present, and future diseases.

They are also increasingly used to measure how intervention

actions, such as in-water medicines, may slow or halt lesion

progression (Shilling et al., 2021; Eaton et al., 2022) or used to

assess lesion recovery rates (Townsend et al., 2023). Each method

for measuring lesion progression provides different information,

which is not always comparable among methods or studies. Each

method can answer different questions, provide differing levels of

accuracy, require different levels of technology, and necessitate

varying amounts of underwater and topside time. As such,

understanding how the metrics for measurement compare, as well

as their relative strengths and weaknesses, can help guide decisions

when choosing the best metric for any particular investigation.
tiers in Marine Science 02
2 Methods

To assess current and historical methodologies for lesion

measurement, literature searches in Google Scholar were conducted

using thewordcombinationsof “coral”+ “lesionprogression”, “disease

progression”, or “progression rate”. Within those resulting papers,

additional references that suggested lesion measurement efforts were

also examined. Studies in which themethods were not clearly outlined

were discarded. A total of 25 studies measuring coral lesions were

assessed to determine the methods used to measure progression or

healing. Each study was assessed for disease type, whether linear or

areal progression was measured, and what methods were used to

determine the measurements.
3 Results/discussion

Of the 25 assessed studies, 14 measured linear progression of

lesions while 14 calculated areal progression. Three of these studies

assessed both metrics (Table 1).
3.1 Linear progression

Linear progression rates assess how quickly a single point on a

lesion radiates outward from its center point or previous lesion

edge. The measurement can be taken in several ways over at least

two time points:

1. Direct field measurements from a fixed point.

Measurements from a fixed point to the lesion edge, taken over

time, can provide the lesion progression rate. A naturally occurring

fixedpoint, suchas a tubewormordistinct polyppattern, canbeusedas

long as the observer can easily find and identify it. More frequently, a

manmade object is affixed to the coral. Such objects include small

masonry nails for boulder corals, or a small zip tie secured around the

branch of a branching coral. Though unlikely, it is worth considering

whether such an object could itself impact the lesion progression rate.

The fixed object can be placed directly on the current lesion edge, with

the distance between that object and the new lesion edge being

measured during a subsequent visitation. Fixed objects can also be

placed at a more central point of lesions rather than at their edges;

measurements from the fixed object to the lesion edge can be taken

during each visitation and subtracted to determine the rate of

progression. For example, if a nail/ziptie is placed near a lesion at

time 0 when the distance to the lesion edge is 10 cm at time 0, and the

distance from that same nail/ziptie to the lesion edge at time 1week is

15 cm, the lesion progression rate is 5cm/week.

Some potential flaws with this single-measurement method are

that lesions may not always progress uniformly across their

boundary; some parts of the lesion may progress more slowly or

quickly than others. A single measurement may thus not be

representative of the lesion as a whole. Additionally, if doing

measurements over multiple time points, it is important to

measure in the same direction from the fixed point each time in
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TABLE 1 Comparison of methodologies used in coral disease lesion assessments.

Accuracy
Underwater

Time
Topside
Time Cons Pros Studies and Diseases

LINEAR
PROGRESSION

Does not provide
information on total impact
to coral.

Good for comparing
lesion progression
across corals,
diseases, studies.

Single nail/cable tie,
single measurement

Moderate Low Low

Requires installation of
manmade objects. May be
unclear which direction to
measure from for repeated
time points.

Rapid. Precise in a
single direction, even
in high rugosity.

Borger and Steiner (2005):
WP, BBD, DSD
Haapkylä et al. (2009): SEB, BrB
Howells et al. (2020): WS

Single nail/cable tie,
multiple

measurements
High Moderate Low

Requires installation of
manmade objects. May be
unclear which directions to
measure from for repeated
time points.

Accounts for variation
in progression within
a single lesion. Precise,
even when
highly rugose.

Eaton et al. (2022): BBD

Photo assessment
from nail/cable tie

Moderate Low Moderate

Camera angles or rugose
surfaces may impact
accuracy. Requires
installation of
manmade objects.

Provides permanent
record of lesion
and measurement.

Roff et al. (2011): AWS

Photo assessment
from natural feature

or previous lesion line
Moderate Low Moderate

Camera angles or rugose
surfaces may impact
accuracy. May be hard to
repeatedly identify the
natural feature.

Provides permanent
record of lesion
and measurement.

Brandt et al. (2013): WP
Eaton et al. (2021): SCTLD
Haapkylä et al. (2009): BBD
Meiling et al. (2021): SCTLD
Pollock et al. (2013): WS
Randall et al. (2018): YBD
Sato et al. (2011): BBD
Sato et al. (2009): BBD
Thinesh et al. (2014): BBD
Wada et al. (2017): BBD,
SEB, GA, WS

3-D photogrammetry High High High
Requires time and
computational power.

Provides permanent 3-
D record of lesion
and measurement.

AREAL
PROGRESSION

Will vary with size,
number, and location of
edge of lesions and thus not
good for comparisons

Can provide
information on overall
loss to coral at a
specific timepoint.

Field measurement of
lesion length x width

Low Moderate Low Low accuracy
Relatively rapid
field measurement

Borger and Steiner (2005):
WP, BBD, DSD

Field assessment of
percent loss

Low Low Low

Depends on timepoint
visited, generally only
accurate between observers
to ~10%.

Commonly used in
monitoring programs.
Rapid. Accounts for
size of coral in
assessing impact.

Williams and Miller (2012):
WPX, other
Neely et al. (2022): WPX, other
Thurber et al. (2014): All

Photo assessment of
lesion length x width

Low Low Moderate
Low accuracy, and high
variation with camera angle
and rugosity.

Provides permanent
record of lesion
and measurement.

Williams and Miller
(2005): RTL

Photo assessment
using polygon to

outline lesion
Moderate Low

Moderate-
High

Camera angles or rugose
surfaces may
impact accuracy

Provides permanent
record of lesion
and measurement.

Roff et al. (2011): AWS
Aeby et al. (2015): BBD
Townsend et al. (2023):
wound healing
Lozada-Misa et al. (2015): WS
Meiling et al. (2021): SCTLD
Ushijima et al. (2020): SCTLD

3-D photogrammetry High High High
Requires time and
computational power.

Provides permanent 3-
D record of lesions
and measurements.

Meiling et al. (2020): SCTLD
Elmer et al. (2021): SCTLD
Camacho-Vite et al.
(2022): SCTLD
Studies using each methodology are listed in the last column with the disease studied. Disease abbreviations are: AWS (Acroporid white syndrome), BBD (black band disease), BrB (brown band)
DSD (dark spot disease), GA (growth anomalies), RTL (rapid tissue loss), SEB (skeletal eroding band), SCTLD (stony coral tissue loss disease), WP (white plague), WPX (white pox), WS (white
syndrome), and YBD (yellow band disease).
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order to appropriately subtract previous measurements. This may

be challenging with only a single fixed point as reference and no

orientation on which direction from that point to measure. An

alternative, on massive corals, is to place two nails along the lesion

to provide a base for perpendicular measurement from the original

lesion line. Other studies have addressed these concerns by taking

multiple measurements in different directions from a central fixed

point and using the average of the lesion progression rates to

account for potential variability in lesion progression rates across

a single lesion boundary (Figure 1A).

Field measurements from a fixed point to the lesion edge can be

straight-line, measured with calipers or straight-edge rulers.

Measurements can also be curved using a flexible measuring tape.

The preferred method may depend on the type of coral and whether

measurements are being compared to previous studies using similar

methodology. As the lesion is moving across the coral’s surface, it

must progress through any valleys and ridges, which should be

reflected in measured progression rates. For rugose corals, a curved

measuring tape may be preferred. For corals on which straight- and

curved-line measurements are similar or equal, a straight-line

measurement may be sufficient (Figure 1B).

2. Photographic assessments of lesion progression rates.

Some studies utilize photographs from the field to assess lesion

progression rates. Various software programs, like ImageJ and Canvas,

can be used for this, presuming that some scale reference like a ruler is

present in the photo. It is important to have some estimation as to how

far the lesion may progress before the next monitoring period to ensure

that any advancing lesion line will be present across photos from all

time periods. Similar to field measurements, the software can be used to

measure the distance from a natural ormanmade reference point on the

coral to the active lesion margin. This can be done using a single
Frontiers in Marine Science 04
measurement, or taking an average of several. Brandt et al. (2013),

assessed the progression of a linear lesion by drawing a digital line across

images, parallel to the lesion, andmeasuring atmultiple points from the

line to the active lesion so as to get an average progression rate thatmight

also account for any variability or distortion from camera angles or non-

planar surfaces. One advantage of photographic assessments over field-

based measurements is a permanent, repeatable record through use of

the image. Disadvantages are that only straight-line distance can be

measured because of the two-dimensional nature of the image, and that

slight differences in the angle of the camerawhen taking photos can lead

to inaccurate measurements.

Photogrammetry has recently been used to develop three-

dimensional models of corals. A large number of photos are

taken of the coral while circling around it, thus providing

overlapping imagery from a variety of angles. Software is used to

stitch the imagery together and, with the use of a scale bar in the

imagery, measure lesion progression rate across the curved surface

of the coral with relatively high precision. The method also provides

a permanent record of the full coral, including live tissue area and

coloration. For small-medium size corals, the time required to take

the large number of images underwater is approximately equivalent

to field-based measuring of multiple lesions. However, the topside

computer processing time to stitch the images together and build

the models can be substantial, though expected to decrease as

computer processing power improves.
3.2 Areal progression

Areal progression rates estimate the surface area of tissue lost as

a result of lesion expansion over a set period of time. Similar to
B

A

FIGURE 1

Visualization of an active coral lesion (white circle) progressing across a colony from an area of old mortality (green circle) in which a fixed object
(black arrow) has been affixed. If lesions progress unevenly from a fixed point (A), multiple measurements (right) averaged together may provide a
more accurate assessment of linear progression rate than a single measurement (left). If lesions progress across a rugose surface (B), a straight-line
measurement (left) may underestimate the actual lesion progression rate, which can better be measured using a flexible tape measure (right).
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linear progression rates, these measurements require visitation over

at least two time points, and can be measured a variety of different

ways, although photographic-based assessments are most common.

1. Direct field measurements.

Because lesions and corals are rarely rectangular, field

measurements of lesion-related losses will be estimations. One

way of quantifying is to measure the length and width of lesion-

related mortality and fit the measurements to the surface area of a

shape best approximating the lost tissue area. For example, a

radially expanding lesion could be approximated as the area of an

oval or circle using field measurements. Measurements from

two different time points could be used in a subtractive function

to estimate change in amount of dead tissue and thus

areal progression.

More commonly, field estimates are based on the proportion of

the coral exhibiting recent mortality. If the size of the coral is

known, and the proportion of the coral that is dead across multiple

time points is known, then estimates of the amount of tissue lost can

be calculated. There are many assumptions in these calculations.

With width and height measurements of a coral, surface area can

roughly be estimated as the surface of a hemisphere, and the

addition of a length measurement increases the accuracy of this.

However, most corals are not perfect hemispheres and so estimates

will not be exact. For highly-rugose corals such as branching corals,

these measurements may be far from accurate. Estimating the

percentage of a coral which is dead can also vary based on the

observer or even the day for the same observer. Interobserver

comparisons are recommended if multiple individuals will be

doing assessments in order to standardize observations and

reduce bias. Additionally, photos can assist should additional

ground-truthing be required later. Nevertheless, similar estimates

are generally regarded as within 10% (i.e. the same coral could easily

be visually assessed as having 45% or 55% dead tissue by different

observers, or by the same observer on different days). Despite these

notable inaccuracies, this is a common method of assessment for

coral monitoring programs. It is one of the more rapid methods of

coral assessment, thus allowing for a larger number of corals to be

monitored over a short period of time.

2. Photographic assessments of progression rates.

For more precise measurements of areal progression rates,

photographic surveys can be used. Williams and Miller (2005)

measured length and width of disease lesions from photographs

to estimate areal loss calculated as an open-ended cylinder. Modern

software has improved the ability to estimate the area of irregular

shapes. Various programs allow for the tracing of lesion edges and,

if the scale is known, can calculate the surface area. Calculating the

area of these polygons across two time points allows for the

subtractive value to assess areal loss over a set time period. The

advantage of this method over field measurements is a much greater

increase in precision as well as a permanent record. However, like

the linear progression rate estimates using photography, limitations

of areal progression rate with photography include a three-

dimensional surface area being represented by a two-dimensional

photograph, a limitation which increases inaccuracy with increasing

rugosity of the coral. Further, even small variations in camera angle

can lead to substantial differences in areal coverage estimates; this
Frontiers in Marine Science 05
problem also increases with increased rugosity or curvature of the

area of interest.

Three-dimensional models using photogrammetry resolve

many of these issues. Like with the two-dimensional photo

assessments, areas of live and/or dead tissue can be digitally

traced, and the values subtracted to determine tissue loss.

However, the three-dimensional nature accounts for surface

rugosity, and camera angle issues are eliminated. The drawback

however is again the moderate amount of underwater time needed

to get full imagery as well as the substantial subsequent

computational time required.
3.3 Linear vs. areal measurements

While both linear and areal measurements have been used to

assess lesion progression in past studies, there are limitations to

their comparability. In particular, areal measurements have high

variability. The area of coral tissue impacted by lesions is dependent

on multiple factors, including number of lesions, placement of

lesions in relation to already dead tissue area or edges, and, of

particular concern, the size of the lesion. Areal progression can be

assessed on a per-lesion basis or summed when multiple lesions

occur on one coral for a colony-level accounting (Figure 2A). This

can provide information on the impact to a diseased colony as a

whole, but is not useful for comparing different diseases or lesion

progression rates.

The placement of lesions can also impact areal progression

rates: if they overlap already dead areas, or stem from an existing

live/dead tissue margin as many diseases do, areal progression will

be less than that from lesions stemming from an area surrounded by

live tissue (Figure 2B). Another notable drawback of areal

progression rates is that their value generally depends heavily on

the size of the lesion when examined. In a theoretical setting, a

straight-line lesion progressing uniformly and consistently across a

rectangular coral colony would cause areal mortality at a fixed rate.

However, most corals are not rectangular and most lesions do not

progress linearly but rather radially outwards from an origin point.

A circular lesion expanding at a constant rate will cover increasingly

greater amounts of tissue as the lesion size increases. For example, a

10 cm diameter lesion increasing radially at 10 cm/week will cause

mortality on 628 cm2 of tissue within a week. At the end of that

week, the lesion will be 30 cm in diameter. If it continues to radiate

outward from each edge at 10 cm/week, the tissue killed between the

1-week monitoring point and the subsequent week is 1256.6 cm2/

week. In this case, the same lesion, with the same rate of linear

progression, is killing twice as much tissue during the second week

(Figure 2C). As such, disease progression rates measured using areal

metrics are highly dependent on lesion size which, particularly for

fast-progressing diseases like SCTLD, can vary dramatically within

a matter of days to weeks. As a result of the variables outlined here

for areal progression – number of lesions, location of lesions, and

size of lesions – caution must be applied when using areal

progression to compare lesions between colonies, species, regions,

or diseases. In support of areal progression rates, they may provide

information on the total tissue loss or the proportion of a coral
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impacted by disease in a way that linear progression rates cannot.

Linear progression rates can only inform about the rate a lesion

moves in a single direction across a colony; it does little to inform

on the total impact to that colony, particularly in terms of the

percentage of coral lost.

Compared to areal progression rates, linear progression rates

are less affected by temporal or spatial variables. Linear progression

rates are only interrupted if the lesion direction that is being

measured intersects another lesion or an area of live/dead tissue

margin sometime during the interval between measurements, both

of which halt its progression and thus result in a lower measured

progression rate than would occur if it were to continue unimpeded.

Importantly, in the absence of changes to the disease itself, linear

progression rate is the same regardless of the size of the lesion, thus

measurements taken at any time point are representative of lesion

behavior. Comparisons between corals, species, regions, or diseases

are more comparable with this method than areal progression.

In summary, determining which lesion progression

methodology to use will depend on the hypotheses being tested.

Overall, linear progression rates will provide a consistent metric for

progression regardless of lesion size, location, or number of lesions.

Field-based measurements (particularly if several can be taken and
Frontiers in Marine Science 06
averaged) are likely to be more accurate than those determined

from two-dimensional photographs, though it may be desirable to

additionally have a photographic record for visualization purposes

and permanent records. Areal progression rates vary much more

depending on the number, size, and location of lesions. Field

measurements and two-dimensional photographic assessments,

particularly on non-planar surfaces, are likely to be inaccurate,

but three-dimensional models can overcome these limitations.

Though these areal measurements can provide impressive metrics

about tissue loss, there are challenges when comparing among

studies, diseases, or even time points because of the many

variables that impact the measurements. Overall , the

methodology chosen should be based on the questions being

asked, the underwater as well as topside time available,

technological capacity, and whether comparisons to other studies

are anticipated and valid using the methods selected.
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FIGURE 2

Comparisons of linear versus areal progression rates demonstrate that a consistent linear progression rate (in this example, 10 cm per week) can
have highly variable areal progression rates based on number of lesions (A), location of lesion on a colony (B), and size of lesion (C).
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