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The Point Intercept Transect (PIT) method has commonly been used in recent

decades for estimating the status of coral reef benthic communities. It is a

simple method that is efficiently performed underwater, as benthic

components are recorded only as presence or absence at specific interval

points along transects. Therefore, PIT is also popular in citizen science activities

such as Reef Check programs. Longer intervals are commonly associated with

longer transects, yet sampling interval length can significantly influence benthic

coverage calculations. Despite this, the relative accuracy of longer or shorter

intervals related to transect length has not been tested for PIT. In this study, we

tested the optimum intervals of PIT for several commonly used transect lengths

using the bootstrap method on empirical data collected on tropical coral reefs

and non-reefal coral communities. Our results recommend fine intervals of

10 cm or shorter, depending on the length of the transect, to increase the

accuracy of estimating benthic community status on coral reefs. Permanent

transects should also be considered in long-term monitoring programs to

improve data quality.

KEYWORDS

benthic community, reef survey methods, LIT, reef check, citizen science,
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1 Introduction

Living coral cover, or coral cover, refers to the proportion of

reef surface covered by live corals instead of other sessile

organisms such as macroalgae or sponges. It represents the

biomass of the coral assemblages, which strongly affects the

reef fish biomass (Komyakova et al., 2013; Russ et al., 2021).

Coral cover, particularly the hard coral cover, is the most widely

used indicator in assessing the health of coral reefs (Wilkinson,

2000; Wilkinson, 2002; Wilkinson, 2004; Wilkinson, 2008). In

addition, it might also be the only available index for studying

the spatial and temporal changes in the status of coral reefs at

regional or global scales (Jackson et al., 2014; Souter et al., 2020;

Kimura et al., 2022). In the past few decades, about 11% of the

world’s hard coral cover was lost due to multiple disturbances,

from about 32.3% in the late 1970s to 28.8% in 2018 (Souter

et al., 2020), which further resulted in the degradation of

biodiversity and ecosystem functioning (Tsai et al., 2022;

Obura et al., 2022). The changing patterns of coral cover,

regardless of stabilization or the ability to recover in response

to disturbances, is one of the main indicators for assessing the

effectiveness of the coral reef management strategies (Selig and

Bruno, 2010; Hargreaves-Allen et al., 2017; Strain et al., 2019).

As a result, it is vital to estimate the coral cover accurately.

A variety of methods have been applied to estimate the status

of coral reef benthic communities in recent history. Before the

introduction of the Line Intercept Transect (LIT) method by

Loya and Slobodkin in the early 1970s (Loya and Slobodkin,

1971; Loya, 1972), most coral reef studies were qualitative,

recording only presence/absence or relative abundance of flora

and fauna (reviewed in Stoddart, 1969; Stoddart, 1972).

Quantitative methods further calculate abundances in

percentages of operational taxonomic units (OTUs). Several

quantitative methods have been developed and can be divided

into three categories. The first are plotless methods that measure

OTUs along transects directly, including the LIT (Loya and

Slobodkin, 1971; Loya, 1972), Chain Intercept Transect method

(Porter, 1972; Hughes and Jackson, 1985; English et al., 1997;

Hill and Wilkinson, 2004), and Point Intercept Transect (PIT)

method (Dodge et al., 1982; Segal and Castro, 2001; Hill and

Wilkinson, 2004). The latter is also called the Line-Point

Transect method (Ohlhorst et al., 1988; Nadon and Stirling,

2006). The second group consists of plot or quadrat methods

that calculate the abundance of OTUs within each quadrat.

Quadrats can be permanently (Hughes, 1996) or randomly

placed (Hill and Wilkinson, 2004) on reefs. Operational

taxonomic unit (OTU) percentages can be measured manually

with the Coral Point Count with Excel extensions (CPCe)

software (Kohler and Gill, 2006), or semi-automatically with

artificial intelligence techniques such as CoralNet (Beijbom et al.,

2015). The latter was recently developed using structure-from-

motion and photogrammetry to create 3D images for measuring
Frontiers in Marine Science 02
the complexity of reefs (Burns et al., 2015; Bryson et al., 2017;

Pizarro et al., 2017). However, 3D images cannot be used to

measure OTU percentages yet.

The LIT method adapted from plant community studies

(Kershaw, 1957) was specifically designed to obtain high

resolutions of benthic community structures such as those in the

coral reefs (Loya and Slobodkin, 1971; Loya, 1972). This method

records transition points on the transect (to the nearest cm) where

OTUs change. The number of points per OTU section represents

the size of a benthic colony or organism, such as a colony of coral or

a sponge. The percentage cover of each OTU on a transect is

calculated as the total number of points of each OTU counted

divided by the total number of points along the transect. Compared

to quadrat methods, the LIT method is not only more applicable

and efficient underwater but also more comparable across different

reef habitats or studies (reviewed in Loya, 1978). It has been

recommended by the Global Coral Reef Monitoring Network

(GCRMN) as the standard method for management level

monitoring (Hill and Wilkinson, 2004). However, the LIT

method has been challenged for its long sampling time

underwater (Dodge et al., 1982; Segal and Castro, 2001; Hill and

Wilkinson, 2004). In average, it takes 20 to 35 minutes, or even

more, depending on the level of identification, to survey a 20 m

transect with the LIT method (Ohlhorst et al., 1988; Facon

et al., 2016).

The PIT method has been recommended as an alternative

transect survey method for simplifying the survey effort and

improving underwater working efficiency (Dodge et al., 1982;

Segal and Castro, 2001; Hill and Wilkinson, 2004). It records

OTUs at points either below or next to the transect at specific

intervals, such as the 50 cm interval used by the Tropical Program

of Reef Check (Hodgson, 1999; Hodgson et al., 2006). The

percentage of each OTU on a PIT transect is calculated as the

number of points per OTU divided by the total number of sampling

points. In other words, the PIT method is equivalent to the LIT

method whenever the point interval is one cm. Cutting down the

number of sampling points reduces the ability to detect rare species.

Moreover, it cannot measure the size of coral colonies, which is a

valuable indicator for representing the status of coral reefs (Hill and

Wilkinson, 2004). However, it reduces the time required for

surveying a transect (Dodge et al., 1982; Ohlhorst et al., 1988;

Facon et al., 2016). For instance, the time required for surveying a

10 m transect with the species-level resolution of corals decreases

significantly from 30 minutes with the LIT method to four minutes

with the PIT method with 50 cm interval (Dodge et al., 1982).

Because using the PIT method increases the ability to survey larger

areas using either longer or more transects, which minimizes the

problems associated with habitat heterogeneity (Dodge et al., 1982),

the PIT method has been widely used for estimating the status of

coral reefs.

Point intervals can significantly influence the accuracy of the

PIT method, and wider intervals tend to be associated with longer
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transects. Common combinations are 10, 25, and 50 cm intervals

associated with 10 m (Beenaerts and Berghe, 2005; Harris and

Sheppard, 2008; Francini-Filho et al., 2013), 25 m (Adjeroud et al.,

2002; Adjeroud et al., 2009), and 50m transects (Wilson and Green,

2009; Pratchett et al., 2011; Graham et al., 2014), respectively

(Supplementary Table 1). One exception is the 50 cm interval

associated with the 20m transects used by the Reef Check's Tropical

Program (Hodgson, 1999; Hodgson et al., 2006). However, the

accuracy of intervals associated with transect lengths has not been

tested properly before now.

To date, only two studies have compared the accuracy of

different intervals on the PIT method, and they recommended

intervals of 4 cm and 25 cm (Segal and Castro, 2001; Facon et al.,

2016). Their difference might be due to variation in reef type. Both

studies were restricted to limited types of reefs, such as the less

developed reef in the Abrolhos Archipelago, Brazil (Segal and

Castro, 2001), and the Indian Ocean Reefs of Réunion Island

(Facon et al., 2016), respectively. No study has tested the optimal

interval of the PIT method across a variety of reef types.

In this study, we tested for the optimal interval of the PIT

method and the correlation between interval and transect length on

various types of coral assemblages, including well developed tropical

coral reefs and less developed non-reefal coral assemblages in

Taiwan. There were three main goals for this study, which were

to use a simulated bootstrap method to (1) suggest the optimum

sampling interval of the PIT method by determining (a) the

standard deviation (SD) of the total coral cover (TCC), including

hard and soft coral, estimated by the PIT method using a variety of

intervals to generate accumulation curves and (b) the dissimilarity

between community composition indices generated by PIT and LIT

methods using commonly employed intervals, (2) test whether

optimizing sampling intervals are transect length-dependent, and

(3) use empirical data to compare the accuracy of the TCC

estimated via the PIT method.
2 Materials and methods

2.1 Study sites

This study was carried out at six sites on four reefs across

Taiwan’s tropical and subtropical regions. The two tropical reefs
Frontiers in Marine Science 03
are in the south (Tiaoshi, TS) and the southeast (Kihaw, KH) of

Taiwan Island, while the two subtropical non-reefal coral

communities are in Penghu Archipelago (Chinwan Inner Bay,

CIB) in the Taiwan Strait and the north of Taiwan Island

(Yehliu, YL) (Table 1 and Figure 1). The six sites included two

depths in Yehliu (3 m and 6 m) and Tiaoshi (5 m and 10 m), but

only one depth each in Kihaw (3 m) and Chinwan Inner Bay

(3 m) because there are no suitable reef communities at deeper

than 5 m in the two sites.
2.2 Field survey methods

Three transects were placed consecutively, a few meters

apart from each other, along depth contours parallel to the

shoreline at each site. Alternatively, three transects were

deployed in parallel for short reefs. The standard transect

length used in this study was 15 m due to underwater

topographic limitations and the availability of suitable habitats

for corals—continuous hard substrates. However, one transect at

the shallow site (5m) of Tiaoshi was 14 m long because of

operator error. A total of 18 transects (j = 18) at six sites were

surveyed for this study between April and July in 2019.

We adopted the concept of the Chain Intercept Transect

method to lay out transects according to reef contouring (Porter,

1972; Hughes and Jackson, 1985; English et al., 1997; Hill and

Wilkinson, 2004). The benthic community of each transect was

recorded by survey divers using Olympus TG-4 camera with a

waterproof housing and a video light fixed at the height of

ca. 20 cm above substrates. Recording speed was maintained at

two meters per minute to ensure a stable and clear visualization

of substrates and transect line scales. To minimize the observer

bias and to ensure quality and consistency, the identification of

the benthic community was conducted by the same most

experienced researcher.
2.3 Benthic community identification and
data processing

We identified hard corals (HC), including the scleractinians,

Heliopora andMillepora, to species level. The rest of the benthos
TABLE 1 The community type, depth and the GPS coordinates of the six survey sites on four reefs.

Community type Reef Depth (m) Latitude Longitude

Non-reefal coral community Yehliu Shallow (3) 25.203963° 121.681284°

Non-reefal coral community Yehliu Deep (6) 25.204023° 121.681217°

Non-reefal coral community Chinwan Inner Bay Shallow (5) 23.529575° 119.560073°

Tropical coral reef Kihaw Shallow (3) 23.116620° 121.397059°

Tropical coral reef Tiaoshi Shallow (5) 21.952802° 120.769397°

Tropical coral reef Tiaoshi Deep (10) 21.949711° 120.770459°
fro
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and substrates were identified as soft coral (SC), recently killed

coral (RKC), nutrient indicator algae (NIA), turf algae (TF),

crustose coralline algae (CCA), sponge (SP), rock (RC), rubble

(RB), sand (SD), silt/clay (SI), and other substrates (OT). The

data is available at https://doi.org/10.5061/dryad.0rxwdbs35.

The quantification of each category on each transect was first

calculated using the LIT method. Briefly, the substrate type at

each sampling point with one cm interval was assigned to one of

the twelve categories. The percentage cover of each category on

each transect was calculated by dividing the cumulative lengths

of the category by the total length of the transect (1400 cm or

1500 cm). To further evaluate the compositions of hard and soft
Frontiers in Marine Science 04
corals along each transect, colony number, average colony size,

and species richness of both were calculated. Species evenness

and diversity of hard corals were determined by Pielou evenness

(J) and Shannon-Wiener index (H’), respectively. Herein, we

term “LIT datasets” and “LIT communities” to represent the

data and communities obtained by the LIT method. LIT datasets

and LIT communities were used as baselines for comparison

with the PIT method.

To reduce the variability caused by observers or transect

placement when comparing the two sampling methods, we did

not lay out transects explicitly for the PIT method in the field.

Instead, the datasets of the PIT method were extracted from our
FIGURE 1

Locations of the six survey sites at four reefs in Taiwan. The six sites include the shallow (A) and deep sites (B) in Yehliu, the shallow sites in
Chinwan Inner Bay (C) and Kihaw (D), and the shallow (E) and deep sites (F) in Tiaoshi. The red and yellow lines indicate the distribution range of
tropical coral reefs (in red) and non-reefal coral communities (in yellow) in Taiwan. The distribution map was modified from Dai (2018);
Keshavmurthy et al. (2019), and Kuo et al. (2022a).
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empirical LIT datasets. The datasets and communities generated

using the PIT method are herein referred to as “PIT datasets”

and “PIT communities.”
2.4 Data analysis

2.4.1 The optimum sampling interval for the
Point Intercept Transect method

The optimum sampling interval for the PIT method is

defined as the minimum number of random sampling points

required to generate a PIT community comparable to the coral

cover estimated by the LIT method of the same transect. All else

being equal, if the number of sampling points used is less than

the minimum required, the coral cover among PIT communities

generated from the same number of random sampling points

results in considerable variation, which implies an unreliable

estimate of coral cover. In contrast, an excessive number of

sampling points (overly more than the minimum number of

sampling points required) may not substantially improve the

accuracy of coral cover estimates and thus be a waste of sampling

effort, as described in Bros and Cowell (1987).

We first used the bootstrap method (Efron, 1979; Manly,

1992) with Monte Carlo approach to resample PIT communities

from LIT datasets. The bootstrap approach is one of the

resampling techniques which has been applied in a wide range
Frontiers in Marine Science 05
of ecological research, from individual species to community-

level (summarized by Manly, 2007). One of its applications is to

evaluate the sampling sufficiency for sampling design by

calculating the confidence interval of the data generated from

the limited empirical data (Bros and Cowell, 1987; Manly, 1992;

Pillar, 1998). In this study, this produced surrogate samples

which serve as proxies for PIT samples that were obtained

empirically. The resampling procedure is described as

follows (Figure 2):
(i) x sampling point was selected without replacement from

one of the 18 LIT datasets to form a PIT community. For

instance, one sampling point (x = 1) was randomly

selected from transect j1 to form a PIT community with

one sampling point. Then the selected sampling point(s)

was restored to the original LIT dataset before the next

resampling. This process was repeated for additional 199

times to form a total of 200 PIT communities (n = 200)

with one sampling point (x = 1);

(ii) calculate the percentage cover of each benthic category

for each of the n PIT communities;

(iii) repeat procedures (i) and (ii) by selecting x sampling

points to calculate the SD of the TCC of each set of n PIT

communities with the same number of x points. x is

equal to 2, 3, 4,…, i-2, i-1, and i. In total, i x n PIT

communities were generated. i is the number of all
FIGURE 2

The visual guide of the resampling procedure using the bootstrap method with Monte Carlo approach. LIT and PIT are the abbreviation of Line
Intercept Transect and Point Intercept Transect.
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Fron
sampling points of a given transect (i = 1,400 and 1,500

for 14 m and 15 m transect, respectively). When x = i,

the PIT benthic community composition is equal to the

LIT benthic community along the same transect, and

(iv) apply procedures (i), (ii), and (iii) on all the remaining

17 LIT datasets. There were i × n × j PIT communities

generated.
Second, scatter plots were used to illustrate the TCC, of the

PIT community generated by different sampling points at each

LIT transect (Bros and Cowell, 1987). Accumulation curves were

used to illustrate the relationship between the number of

sampling points and the accuracy, in which the latter was

represented by the SD of the TCC of the 200 PIT communities

with the same number of sampling points (x) on each transect

(Figure 2). Two hundred times of bootstrap sampling is

sufficient as the accumulation curves of 200, 500, and 1000

times of bootstrap sampling were similar (Supplementary

Figure 1). Lower SD indicates that the TCC of PIT

communities is closer to that of LIT communities, which

implies a lesser difference between the two methods. However,

as the accumulation curve was fairly smooth without an explicit

elbow point, we used the SD of 3.92 (95% confidence limit) as a

reference criteria to obtain the optimum sampling interval

(minimum number of sampling points required) of PIT (Bros

and Cowell, 1987). Based on the criteria, the range of the number

of sampling points with SD <3.92 would fall within the range of

accuracy (i.e., the TCC of the PIT method is within the 95%

confidence interval of the TCC of the LIT method on the same

transect). Those number of points, which are evenly distributed

on a transect, would be determined as the optimum sampling

interval for the PIT method. In addition, to examine if the

optimum sampling interval is influenced by the types of coral

community, we compared the optimum sampling intervals for

the PIT method between tropical coral reefs and non-reefal coral

communities using Mann-Whitney U tests.

Third, other than estimating the optimal sampling interval at

the population level using TCC as the index, we also want to

estimate it at the community level, considering other sessile

organisms such as turf algae, macroalgae, and sponges compete

for limited space with corals. For this statistic, we merged the 12

categories identified into the ten categories of Reef Check’s

Tropical Program protocol (Hodgson et al., 2006). We then

used multivariable indices (i.e., dissimilarity matrix indices) to

estimate the optimum sampling interval at the community level.

The compositions of the benthic community generated by the

PIT method using the optimum sampling interval should be

similar to those by LIT. The Bray-Curtis dissimilarity index

(Bray and Curtis, 1957) of individual community composition

between each PIT community and LIT community of the same

transect was first calculated. Accumulation curves were then

used to determine the relationship between the sampling
tiers in Marine Science 06
intervals and the average Bray-Curtis dissimilarity index for

each of the 200 PIT communities with the same number of

random points. This summary statistic used six different

numbers of random sampling points (15, 30, 60, 150, 300, and

750) evenly distributed on a 15 m transect instead of continuous

increments. These six numbers of random sampling points were

selected to represent the several commonly used sampling

intervals in the coral reef benthic survey; i.e., 50 cm (30

random points), 25 cm (60 random points), and 10 cm (150

random points), with additional very-fine scales – 2 cm

(750 random points) and 5 cm (300 random points), and

very-large-scale – 100 cm (15 random points), to explore the

accuracy across a wide range of intervals. Intervals are cited

herein as PIT 100, PIT 50, PIT 25, PIT 10, PIT 5, and PIT 2. The

resampling procedure and statistical analyses were performed in

R v. 4.0.3 (R Core Team, 2020) using the “vegan” package

(Oksanen et al., 2020). The R codes of the resampling

procedure are provided in the Supplementary Material.

2.4.2 Testing the dependency between
optimum sampling interval and transect length

The procedure to test if the optimum sampling interval depends

on transect length is described as follows (Supplementary Figure 2):
(v) the three transects laid out at each site were attached

end-to-end to form a 45-m (except for one 44 m) long

virtual transect. The three transects were combined from

the same site to reduce the random site effect. A total of

six long virtual transects were constructed for the six

surveyed sites;

(vi) five repeated, k meters long each, subset transects were

randomly extracted from each of the six 45 m virtual

transects. A subset transect was formed by selecting

continuous sampling points with 1 cm interval from a

random starting point. Continuous sampling, instead of

interval sampling, was used to maintain the spatial

structure of the benthic community. For instance, a

10 m subset transect was extracted by randomly

selecting 1000 continuous sampling points along the

45 m virtual transect with 4500 sampling points. A total

of 30 subset transects were generated (five transects

from each site). Each subset transect served as the LIT

dataset with i sampling points (i = 100k);

(vii) apply procedures (i), (ii), and (iii) on the thirty k-

meters subset transects generated from the procedure

(vi) to calculate the percentage cover of each benthic

category of each of the n PIT communities; and

(viii) repeat procedures (vi) and (vii) with k = 10, 20, 30, and

40, respectively.
The two analyses that applied to the 15-m transects

described earlier, including (1) accumulation curves of the SD
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of the TCC of each of the 200 PIT communities generated from

the same number of random points on each transect and (2)

accumulation curves of the six intervals of interest (PIT 2, PIT 5,

PIT 10, PIT 25, PIT 50 and PIT 100) and the average Bray-Curtis

dissimilarity index of each set of 200 PIT communities with the

same number of random points, were used to determine the

optimum sampling intervals for the transect lengths of interest.

The actual numbers of random sampling points used for each

transect length are provided in Supplementary Table 2. The R

codes for attaching transects end-to-end and the resampling

procedure is provided in the Supplementary Material.

2.4.3 The accuracy of total coral cover
estimated by the Point Intercept Transect
method compared to the Line Intercept
Transect method

To evaluate the performance of each potential optimum

interval, we tested those intervals on the empirical dataset. The

TCC was calculated from each of the 18 LIT datasets using the

PIT method with 100, 50, 25, 10, 5, and 2 cm sampling intervals.

Root mean square error (RMSE) was computed and defined as

the deviation from the TCC estimated from 18 PIT communities

with the same interval to the perfect fit line (i.e., a 1:1

relationship between observed and predicted values). The

elbow of the plotted RMSE curve was identified as the

minimum interval required.
3 Results

3.1 Benthic community composition on
empirical transects

The total coral (hard and soft), rock, and nutrient indicator

algae were the top three major benthic components of the 18 LIT

communities surveyed. The average coverages (± SD) were 35.69

± 3.62%, 27.17 ± 4.13%, and 21.01 ± 6.02%, respectively

(Figure 3 and Supplementary Table 3). The average coverages

of sand and silt/clay were 7.40 ± 2.55% and 4.80 ± 2.31%,

respectively, while the rest components, including recently killed

corals, sponges, rubbles, and others, covered less than 5% of the

substrates (Supplementary Table 3).

The TCC on each transect ranged between 7.06% and 68.76%

(Figures 3C, J and Supplementary Table 3). The average colony

number, colony size, species richness, and Pielou evenness (J) per

transect were 37.53 ± 3.38 colonies, 14.36 ± 0.66 cm, 15.00 ± 1.67

species, and 0.30 ± 0.02, respectively (Supplementary Table 3). The

highest TCC, the first transect in Kihaw, was contributed by 63

colonies (18 species) with an average colony size and evenness of

16.38 cm and 0.28, respectively (Supplementary Table 3). In

contrast, the third transect at the shallow site in Yehliu featured

the lowest TCC, species richness (5 species), and coral colony

abundance (7 colonies); however, coral colonies here in average are
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larger (15.14 cm) and species evenness is high (0.42)

(Supplementary Table 3). The coral assemblage on the second

transect at the Tiaoshi deep site (TCC = 16.99%) was featured with

the largest (19.62 cm) average colony size, contributed by 13

colonies (11 species) (Supplementary Table 3). The smallest

(9.24 cm) average colony size was recorded on another transect

(the first) of the same site. In addition, the similar TCC (17.85%)

was contributed by 29 colonies (19 species), which is two-fold more

than that of the previous transect (Supplementary Table 3).
3.2 The optimum sampling interval for
the Point Intercept Transect method

The TCC of each PIT community formed a horizontal, bell-

shaped distribution, with peak values corresponding to the TCC

of their related LIT community (Figure 3). The distribution was

most symmetrical when the TCC of the LIT community was

around 50% (e.g., Figure 3M). It was positively skewed when

TCC was higher than 50% (e.g., Figure 3J) and was negatively

skewed, when TCC was lower than 50% (e.g., Figure 3C). The

TCC of PIT communities varied, ranging from 0% to 100%

when low numbers of random sampling points were selected.

With an increase in the number of random sampling points, the

TCC of the PIT community started to converge significantly

toward the same level as the TCC of the LIT community on the

same transect (Figure 3).

The SD of the TCC for each set of the 200 PIT communities

with different random sampling points decreased rapidly with

the increasing number of random sampling points (Figure 4A

and Supplementary Figure 3). The accumulation curves of the 18

transects surveyed were similar except for one transect with the

lowest TCC of 7.06% (transect three at the shallow depth of

Yehliu, see Supplementary Table 3), where its SD decreased

faster than the rest of the transects (Figure 4A and

Supplementary Figure 3). The average (and maximum) SD of

the 18 transects was 45.58 (50.12), with one random sampling

point selected. The SD declined to 11.62 (13.56), 8.29 (9.18), 5.80

(6.77), 3.54 (4.08), 2.33 (2.77), and 1.16 (1.32) when random

sampling point numbers selected were 15 (PIT 100), 30 (PIT 50),

60 (PIT 25), 150 (PIT 10), 300 (PIT 5), and 750 (PIT 2),

respectively (Figure 4A and Table 2). Of the 18 transects, 14

transects fell within the range of accuracy, i.e., with SD <3.92,

when using 150 random sampling points (PIT 10), while three

and one transects fell within the range of accuracy when using

300 (PIT 5) and 60 sampling points (PIT 25). All 18 transects

showed SD values outside of the range of accuracy for PIT 2, PIT

50, and PIT 100. Therefore, overall, PIT 10 was determined as

the optimum sampling interval for PIT (Supplementary

Table 4). Meanwhile, there was no significant difference in the

optimum sampling interval recommended between the tropical

coral reefs and the non-reefal coral communities (Mann–

Whitney Test, p = 0.36).
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In terms of dissimilarity of community compositions, there

was a decreasing trend with decreasing sampling intervals

between the LIT and PIT communities (Figure 4B). The

differences in the average dissimilarity between LIT and PIT

communities varied among transects, ranging between 0.06 and

0.60, with an average of 0.29 at PIT 100. The average (and

highest) dissimilarity values of the 18 transects were reduced to

0.23 (0.53), 0.17 (0.46), 0.11 (0.29), 0.06 (0.19), and 0.02 (0.05) at

PIT 50, PIT 25, PIT 10, PIT 5, and PIT 2, respectively (Figure 4B

and Supplementary Table 5). From the accumulation curves,

three elbow points were detected among the 18 transects, with

the majority (11 out of 18 transects) at 10 cm intervals (PIT 10),

while only two and five transects at 5 cm intervals (PIT 5) and
Frontiers in Marine Science 08
2 cm intervals (PIT 2), respectively (Figure 4B and

Supplementary Table 5).
3.3 Testing the dependency between
optimum sampling interval and
transect length

The average SD of individual 200 PIT communities at the

same interval among the 30 equal-length subset transects

decreased with increasing transect length (Figures 5A, C, E, G,

and Table 2). The PIT interval where the average SD fell within

the range of accuracy (SD <3.92) were PIT 5 for 10-m transects,
B C

D E F

G H I

J K L

M N O

P Q R

A

FIGURE 3

The bell-shaped distribution of the total coral cover (TCC) in relation to the number of random sampling points generated by bootstrap sampling on 18
LIT datasets. The eighteen communities were in the shallow (A-C) and deep sites (D-F) in Yehliu, the shallow sites in Chinwan Inner Bay (G-I) and Kihaw
(J-L), and the shallow (M–O) and deep sites (P-R) in Tiaoshi. The order of transects within each habitat is synchronized with the order in Supplementary
Table 3. The horizontal blue dashed line indicates the TCC of each transect measured with the LIT method.
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B

A

FIGURE 4

(A) The standard deviation (SD) of the TCC of each set of 200 PIT communities with different randomly sampling points from 15 m transects.
The horizontal dashed lines mark SDs of 5 (red), 3.92 (black), 2.5 (orange), 2 (yellow), 1.5 (green), and 1 (blue), and the vertical dashed lines mark
the number of points using PIT 100 (15 points, red), PIT 50 (30 points, orange), PIT 25 (60 points, yellow), PIT 10 (150 points, green), PIT 5 (300
points, blue), PIT 3 (500 points, indigo), and PIT 2 (750 points, purple). (B) The Bray-Curtis dissimilarity index between the PIT community and
the LIT community on the same transect. Each dot represents the average of 200 PIT communities with the same interval. The color of the
accumulation curves represent the 18 transects surveyed and are referred to in Supplementary Figure 3.
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PIT 10 for 20-m and 30-m transects, and PIT 25 for the 40-m

transect (Table 2). More strictly, by only accounting for the

maximum SD <3.92, the optimum sampling intervals were PIT 5

for 10-m transects and PIT 10 for 20-m, 30-m, and 40-m

transects (Figures 5A, C, E, G, and Table 2). As shown on the

accumulation curves of the average Bray-Curtis dissimilarity

index, the elbow points were detected between PIT 10 and PIT 2,

regardless of transect length (Figures 5B, D, F, H).
3.4 Total coral cover error estimated
by the Point Intercept Transect method
compared to the Line Intercept
Transect method

The TCC measured by the PIT method was closer to those

by the LIT method at finer sampling intervals (Figure 6A). The

RMSE curve showed a decreasing trend with decreasing

sampling intervals, with the elbow identified at the 10 cm

sampling interval (PIT 10) (Figure 6B).
4 Discussion

Our analysis revealed that current sampling intervals of the

PIT method used in the literature could not accurately estimate

the status of the benthic community, specifically the TCC, and

act as an alternative to replace the LIT method. Instead, the

range between 2 cm (PIT 2) and 10 cm (PIT 10) were better

options, depending on the transect length and statistics

parameters used (Table 2).

A 10 cm interval (PIT 10) is the recommended sampling

interval in most of our study combinations of point interval and

transect length. It is between the recommended 4 cm and 25 cm

intervals in two other studies conducted in Brazil and Réunion

Island (Segal and Castro, 2001; Facon et al., 2016). The variation

between those studies and our study might be attributed to the

taxonomic resolution, statistical methods used, and the reef

environment of each study area. Segal and Castro (2001)

sought an interval for measuring the cover of individual

species rather than TCC. Finer operational taxonomic units
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(OTUs) require shorter intervals. For instance, PIT 25 is

sufficient for identifying the ten OTUs used by the Tropical

Program of Reef Check while PIT 10 is necessary for identifying

over 30 OTUs, including identifying corals to the genus level, as

reported in the study conducted at Réunion Island (Facon

et al., 2016).

The statistical methods also play a role in determining the

optimum sampling interval. Both our study and that of Facon

et al. (2016) discriminate the optimal sampling interval by

identifying the elbow on the accumulation curves of the

dissimilarity between PIT and LIT communities with ten

OTUs. Yet, our result (PIT 2) was more conservative when

using the Bray-Curtis dissimilarity index than the result (PIT 25)

of Facon et al. (2016), which used Pearson correlation

coefficients (Legendre and Legendre, 1998).

The variation in the status of benthic communities also

alters the optimum sampling interval. Theoretically, TCC,

coral colony abundance, colony size distribution, and pattern

of colonies distributed along the transect would affect how

quickly reaching an optimum interval in the PIT method. In

our study, it requires the highest number of sampling points to

achieve the optimum interval on the transect with 50% of TCC.

The number was reduced along with either a decrease or an

increase in TCC (Supplementary Table 4). While our study was

conducted on reefs across well-developed tropical coral reefs

and non-reefal coral communities, Segal and Castro (2001) and

Facon et al. (2016)’s work were conducted on the less-

developed reefs in the Abrolhos Archipelago, Brazil, and the

Indian Ocean reefs on Réunion Island, respectively. It is hard

to distinguish what causes the difference in the recommended

optimum sampling intervals without the knowledge of the reef

status. This highlights the need to further research on how the

distribution patterns of the benthic community affect the

accuracy of survey methods.

Our study showed that there was no significant difference

in optimum intervals between the tropical coral reefs and

non-reefal coral communities. The influence of habitat

structure on benthic community composition was more

significant with an increase in transect length (Figures 4B,

5B, D, F, H). The lack of a similar pattern among transects in

the same type of reef indicates that the complexity of the
TABLE 2 The average (maximum) standard deviation of the total coral cover of 200 PIT communities using six different sampling intervals (PIT
100, PIT 50, PIT 25, PIT 10, PIT 5, and PIT 2) for different lengths of transect.

Transect length (m) Interval (cm)

100 50 25 10 5 2

10 13.78 (16.34) 9.67 (11.88) 6.69 (8.33) 4.07 (4.99) 2.74 (3.50) 1.38 (1.79)

15 11.62 (13.56) 8.29 (9.18) 5.80 (6.77) 3.54 (4.08) 2.33 (2.77) 1.16 (1.32)

20 10.21 (11.59) 7.18 (8.48) 5.04 (5.81) 3.06 (3.61) 2.07 (2.52) 1.02 (1.20)

30 8.34 (10.08) 5.74 (6.67) 4.05 (4.72) 2.53 (3.00) 1.70 (1.96) 0.85 (0.99)

40 7.10 (8.44) 5.10 (5.88) 3.57 (3.97) 2.19 (2.56) 1.46 (1.73) 0.71 (0.83)
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benthic community within sites is more apparent than among

reefs. This also suggests that the historical environmental

conditions have significantly changed recently due to

increasing natural disturbances and human-induced stresses
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at larger and local scales (Ribas-Deulofeu et al., 2016). Local

stressors cause declines in reef conditions, reduce resilience,

and postpone recovery from natural disturbances (Carilli

et al., 2009; Ortiz et al., 2018). Under the stress of climate
B

C D

E F

G H

A

FIGURE 5

The accumulation curves of the standard deviation (SD) of the TCC of each set of 200 PIT communities with different randomly sampled points
(A, C, E, G), and the average of the 200 Bray-Curtis dissimilarity indexes between each PIT community at the same interval and LIT community
(B, D, F, H) on different transect lengths. The transect lengths were 10 m (A, B), 20 m (C, D), 30 m (E, F), and 40 m (G, H). The horizontal dashed
lines in A, C, E, G mark SDs of 5 (red), 3.92 (black), 2.5 (orange), 2 (yellow), 1.5 (green), and 1 (blue), and the vertical dashed lines mark the points
used in PIT 100 (red), PIT 50 (orange), PIT25 (yellow), PIT 10 (green), PIT 5 (blue), PIT 3 (indigo), and PIT 2 (purple).
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change-induced extreme disturbances, such as more frequent

and severe bleaching events (Hughes et al., 2018), typhoons

(Tsuboki et al., 2015; Knutson et al., 2020), and the lack of the

ability to recover between disturbances will prevent the full

recovery of coral reefs and result in further degradation.

Previous coral reef monitoring studies using PIT 50 on

non-permanent transects have reported high annual variations

in TCC at the same survey sites without major disturbances

between survey censuses (Dai et al., 2004; TEIA, 2016; TEIA,

2017). Our finding that the 50 cm sampling interval (PIT 50)
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estimates a high variation of TCC might explain the high

temporal changes in those studies, as well as emphasize the

necessity of using non-permanent transects. Using non-

permanent transects for long-term monitoring reduces the

effort to set up and maintain the markers and the time

consumed in searching for transect markers. This method

benefits most when surveyors are familiar with the reef and

the benthic community composition is homogeneous within

the target survey area. However, several issues need to be

considered. First, human errors, such as misidentifying the
B

A

FIGURE 6

The total coral cover (TCC) of PIT communities generated from the 18 LIT communities survey over different sampling intervals. Each dot
represents one PIT community, and colors indicate different intervals (A). The root mean square error of the TCC measured using the PIT
method to the TCC measured using the LIT method on each of the 18 transects at different sampling intervals (B).
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starting point and direction of transects, are unavoidable. The

issue is more profound on less-developed or patchily

distributed coral communities. Even a slight displacement of

starting point or direction would result in a significantly

different community composition. Second, success in

consistently relocating the survey spot is highly reliant on the

participation of a few experienced key members. It means the

project is exposed to the risk of inconsistency in data collection

over the long term. Extra care is necessary for interpreting

monitoring results.

Applying the permanent transect method requires extra

work on marker maintenance; however, it can benefit

monitoring programs. It improves the quality of data because

it is more consistent, repeatable, and reliable. The results are

comparable across survey censuses, and the changes in benthic

communities can be more confidently attributed to

environmental changes rather than the errors in the

sampling method (summary in Hill and Wilkinson, 2004). In

addition, permanent transects set up in the field can be used for

a variety of projects from citizen science programs to long-term

ecological monitoring projects and fine-scale research such as a

demographic approach to understand the dynamics of

scleractinians in the reef (Edmunds and Riegl, 2020), which

enables the enhancement of the quality of citizen science

education and helps improve the management strategies.

A comprehensive understanding of the status of coral reef

benthic communities requires cooperation between both coral

reef scientists and citizen scientists to conduct the survey with

consistent and comparable methods. Our results suggest that a

10 cm sampling interval is the minimum necessary when using

the PIT method as an alternative to the LIT method. In

addition, our results highlight the need for setting up

permanent transects for long-term monitoring purposes, as

suggested by Reef Check (Hodgson et al., 2006) and GCRMN

(Hill and Wilkinson, 2004), to improve the consistency,

repeatability, and reliability of data collection (Hill and

Wilkinson, 2004).
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SUPPLEMENTARY FIGURE 1

The accumulation curves of the standard deviation of the TCC of each set

of 200 (A), 500 (B), and 1000 (C) PIT communities by the bootstrap
method with different randomly sampled points.
SUPPLEMENTARY FIGURE 2

The visual guide of the resampling procedure to testing if the optimum
sampling interval depends on transect length.
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SUPPLEMENTARY FIGURE 3

The standard deviation (SD) of the TCC of each set of 200 PIT communities

having different randomly sampled points used on each 15 m transect
surveyed. Horizontal dashed lines mark SDs of 5 (red), 3.92 (black), 2.5

(orange), 2 (yellow), 1.5 (green), and 1 (blue), and the vertical dashed lines
mark the number of points for PIT 100 (15 points, red), PIT 50 (30 points,

orange), PIT 25 (60 points, yellow), PIT 10 (150 points, green), PIT 5 (300
points, blue), PIT 3 (500 points, indigo), and PIT 2 (750 points, purple). The

color of the accumulation curves represents the 18 transects surveyed.
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