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The integrity of coral reefs has increasingly been threatened by human development

and climate change. As a result, the concept of ecological resilience – an ecosystem’s

capability to resist and recover from environmental stressors – has become an

important aspect of coral reef conservation. In this study, coral reef resilience was

quantitatively scored in Kenting National Park (KNP), Taiwan, using four different

assessment frameworks: the first uses the opinions of local reef experts, the second

includes metrics specific to the local reef context, the third combines the previous two

approaches, and the fourth relies solely on ecological metrics from biodiversity surveys.

To evaluate the accuracy of each assessment, the resulting resilience scores were

compared with historical coral recovery rates, which served as a proxy for resilience.

While each approach to measuring resilience has its merits and drawbacks, the picture

of resilience became clearest when a few key indicators were included to reflect core

ecosystem processes. Trends in resilience scores varied depending on the makeup of

the assessment’s indicators, and there was little correlation between the baseline metrics

measured using different data collection methods. However, all resilience assessment

trends indicated that KNP’s Nanwan area is high in resilience. This is likely due to

the effects of local tidally-induced upwelling, which significantly relieve the growing

thermal stress placed on surrounding coral communities. Ultimately, the most successful

assessments were those that empirically quantified ecological processes and local

factors with only a few indicators, rather than broader approaches that measured many

indicators. These findings are particularly relevant for reef managers to consider as they

develop and employ resilience-based management strategies.

Keywords: coral reef conservation, ecological resilience, resilience assessment, marine protected areas, Taiwan

INTRODUCTION

Coral reefs are facing threats ranging from local to global scales: destructive fishing and water
pollution degrades the integrity of local ecosystems (Meng et al., 2008), while climate change and
ocean acidification hinders the survival and growth of coral communities worldwide [reviewed
in Anthony (2016)]. During the recent third global bleaching event in 2014–2017, anomalously
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warm sea surface temperatures led to the loss of one-
third of the Great Barrier Reef ’s coral cover (Hughes et al.,
2018). Coral reproduction output was severely inhibited over
the following year, further hindering the recovery of coral
communities (Heron et al., 2016). Such disturbances will
continue to increase in both frequency and severity in the
future, making coral reef conservation more crucial than ever.
From amanagement standpoint, understanding both the historic
and future responses of corals to these stressors is critical to
identifying areas of resilience for coastal andmarine conservation
(Roche et al., 2018).

Ecological resilience was first defined by Holling (1973) as the
ability of an ecological system to absorb change and disturbance
while maintaining system stability. Since then, the concept of
resilience has been expanded upon by other authors, whereby
the resilience of a system is predicated on its return time to
a stable state following a disturbance [reviewed in Gunderson
(2000)]. Within coral reefs, the idea that a system can return to
an alternative stable state following a disturbance has also been
established, balancing a baseline state of coral cover dominance
with a second, macroalgae-dominated state (Mumby et al., 2007).
More recently, McClanahan et al. (2012) adapted this definition
to further highlight two key components of reef resilience:
resistance and recovery, both of which are tangible and relevant
to management strategies (Nyström et al., 2008).

The concept of resilience to global environmental change
has been a cornerstone of recent coral reef ecosystem
management strategies, leading to the development of numerous
frameworks for its quantification (hereon referred to as resilience
assessments) (Anthony et al., 2014; Standish et al., 2014). Seeing
as the management outcomesmay be influenced by the definition
of resilience applied, the present study uses the definition from
McClanahan et al. (2012), which others have also adopted in their
resilience assessments on reef systems (e.g., Cinner et al., 2013;
Anthony et al., 2014; Maynard et al., 2015).

Typically, resilience is scored based on a set of indicators
that represent aspects of ecosystem states, functions, or processes
(Lam et al., 2017). These indicators range from being broad and
standardized to localized and fine-scale (Lam et al., 2020). Reef
resilience was first quantified in by the IUCN in 2009 (Obura and
Grimsditch, 2009). The framework, which applies 61 indicators,
is one of the most comprehensive standardized assessments to
date (Obura and Grimsditch, 2009). Subsequent studies have
used a wide variety of metrics, data collection methods, and
scopes [reviewed in Lam et al. (2017)], ranging from field-based
surveys of ecological processes (e.g., Gibbs andWest, 2019) to the
Bayesianmodeling of historical reef data (e.g., vanWoesik, 2013).

Resilience quantification has only recently been incorporated
into management strategies, and thus there are few long-term
datasets that monitor resilience (Standish et al., 2014). Some
resilience assessments have instead utilized existing long-term
reef monitoring datasets, particularly coral cover, as proxies or
indicators for resilience (Cinner et al., 2013; Mumby et al., 2014;
Lam et al., 2017; Guest et al., 2018). Following disturbances,
reefs with high coral cover are believed to have high resilience,
as the remaining population has tolerated past stressors and

is able to populate the next generation of recruits (Maynard
et al., 2010). Coral cover data have been collected for decades
to describe reef status and measure recovery from disturbances,
making it ideal for use in quantifying resilience (West and
Salm, 2003; Adjeroud et al., 2009; Sweatman et al., 2011). In
particular, recovery rates calculated from coral cover have shown
to be suitable instantaneous proxies for ecological resilience and
recoverability (Lam et al., 2020).

On the other hand, a single indicator may not capture the
multifaceted factors that underlie resilience, such as structural
complexity, anthropogenic stressors, and ecosystem processes
(Darling et al., 2019; Lam et al., 2020). To include these aspects,
many resilience assessments include a wide variety of indicators
extending beyond direct measures of coral population (Lam
et al., 2017). Assessments also range in scope depending on
the intended outcome and application. Broad-scope assessments,
which have the advantage of being practical and accessible,
typically utilize simplified scoring systems to qualitatively assess
complex metrics (Lam et al., 2017; Gibbs and West, 2019;
Obura and Grimsditch 2009). Some resilience assessments have
also been tailored to suit the local environmental setting by
starting with a previously established set of indicators and
adding or removing indicators accordingly (Maynard et al.,
2015; Gibbs and West, 2019). This approach makes use of
existing taxonomically-specific survey data, hence improving the
assessment’s spatial and temporal resolution and rigor (Lam et al.,
2017). Additionally, the inclusion of indicators that specifically
represent the reef ’s capacity for resistance and recovery on a
local level has been identified as a crucial component of effective
resilience quantification (Maynard and Mcleod, 2012).

Despite the many resilience frameworks in existence, it is
unclear whether the wide range of approaches yield similar
resilience scores and conservation outcomes when applied to
the same reef system. To address this gap, our study quantified
the resilience of coral reefs in Kenting National Park (KNP),
Taiwan, using four different frameworks. KNP is Taiwan’s
oldest established marine national park, and possesses high
heterogeneity in environmental, biological, and anthropogenic
factors that influence reef resilience across five park regions
(Meng et al., 2008; Keshavmurthy et al., 2019) (Figure 1A).
The reefs of KNP have demonstrated historical resilience to
the impacts of climate change due to a variety of factors: (a)
high genetic connectivity of corals within the West Pacific and
South China Sea; (b) local tidally-influenced upwelling that
ameliorates the effects of thermal stress; and (c) association
with thermal-tolerant Synbiodinaceae (Chen and Keshavmurthy,
2009; Keshavmurthy et al., 2019). While these unique factors
all contribute to the resilience of KNP’s reefs to various climate
change impacts, there has yet to be a quantitative assessment of
resilience within this region. The four assessments used in this
study apply a range of approaches and data collection methods,
which are evaluated for the extent of overlap, or lack thereof,
in resulting resilience scores and management implications. This
investigation ultimately sheds light on which approaches allow
for a practical yet accurate evaluation of resilience for direct
application in reef management.
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FIGURE 1 | The five geographical regions of the Kenting National Park in southern Taiwan (A) and the 68 study sites (black points) (B).

MATERIALS AND METHODS

Study Area
Located on the southernmost tip of Taiwan’s Hengchun
Peninsula, Kenting National Park (KNP) lies at the intersection
of currents from the Bashi Channel, South China Sea, and
Pacific Ocean. It is influenced by seasonal typhoon paths that
approach Taiwan,mainly from the southeast [Dai, 1993; reviewed
in Keshavmurthy et al. (2019)]. A section of the southern coast
of KNP, Nanwan (meaning South Bay in Chinese, Figure 1A), is
sheltered from typhoons and has highly localized tidally-induced
upwelling throughout the year. This effect circulates cooler
currents toward the surface and contributes to the high degree
of ecological heterogeneity within KNP (Lee et al., 1999a,b).
Additionally, KNP has a very low tidal range, with the difference
between high and low tide in KNP being approximately one and
a half meters.

In total, the park encompasses 152 km2 of coastal waters,
managed through four zoning types: protected, landscape,
recreation, and general use (Chen et al., 2017). This zoning
system was established in 1984 and last updated in 2014 (Ho
et al., 2016). Overall, the marine park provides habitats for over
300 coral species, 1,015 reef fish species, and 146 shellfish species
(Dai, 1997, 2018). KNP is a also very popular tourist destination
in Taiwan; several hundreds of thousands of visitors partake
in recreational water sports and land-based tourist activities
annually in KNP, particularly in Nanwan (Chen et al., 2017).
Western Nanwan also houses a nuclear power plant, which
has been expelling hot water effluent onto the surrounding
reefs since its construction in 1985 (Keshavmurthy et al.,
2012). Consequently, corals within the power plant’s vicinity are
constantly exposed to temperatures 2–3◦Chigher than other park

areas (Keshavmurthy et al., 2012, 2019). These local factors make
KNP a unique system to study both anthropogenic and ecological
influences on reef resilience.

Biodiversity Field Surveys
The following indicators were measured through a
comprehensive biodiversity survey conducted in the summer
of 2014: coral species richness and diversity (Simpson’s index),
coral recruitment [referring to the abundance of juvenile corals
<5 cm in size, see Obura and Grimsditch (2009)], fish biomass,
and macroalgae cover (see Supplementary Table 1 for more
detail). The biodiversity surveys were conducted at 68 reef sites
in KNP, which were selected to represent coral communities
along the coast at a high-resolution scale and reduce selection
bias. Fifty-two sites were surveyed at 6-m depth, one at 10-m
depth, nine at 15-m depth, and six at 25-m depth (Figure 1B). At
each depth, the biological indicators were surveyed along a 60-m
long transect haphazardly placed along the depth contours.

To survey adult coral assemblage composition and the
abundance of coral recruitment, the 60-m transect was divided
into four 10-m transects with 5-m intervals between transects.
The same 60-m transect was divided into two 25-m transects
with 5-m intervals to survey macroalgae abundance. Adult
coral assemblage composition data were collected using the
line intercept transect (LIT) method, coral recruitment was
recorded along four 10-m× 0.5-m belt transects, andmacroalgae
abundance was measured using point intercept transects (PIT) at
0.5-m intervals along each 25-m transect [modified from the Reef
Check protocol, see Hodgson et al. (2006)]. Corals of the World
(Veron and Stafford-Smith, 2000) and Scleractinia of Taiwan I
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and II (Dai and Horng, 2009a,b) were used as guides to identify
coral species.

The relative biomass of fish was surveyed along the 60-
m transect, divided into two 30-m long sections, using the
underwater visual census method (English andWilkinson, 1997).
Fish abundances and the body lengths were recorded in each 30-
m by 5-m by 5-m belt transect.Marine Fishes in Kenting National
Park (Chen and Kwang, 2010) was used as a guide to identify
each fish to the species level. The abundance of fish in KNP
were not substantially affected by the time of day at which the
survey was conducted. The relative biomass of total fish at each
site was estimated by summing the cubed body length of each
fish. Each of the biological indicators was either directly scored
from one (lowest resilience) to five (highest resilience), or the
field measurements were statistically scaled from 1 to 5. This
combined scoring/scaling method has been commonly used in
frameworks that apply both field-based and evaluative scoring
methods (Obura and Grimsditch, 2009;McClanahan et al., 2012).

Expert Opinion Workshop
In addition to the biodiversity survey data, resilience indicators
were also scored via a workshop held with local coral reef experts.
The expert opinion workshop capitalized on the multidecadal
knowledge of reef experts and their holistic understanding of
complex factors influencing coral reef resilience. They were asked
to score 11 resilience indicators outlined in the evidence-based
framework of McClanahan et al. (2012): coral diversity, coral
recruitment, fish biomass, macroalgae, fishing pressure, resistant
coral species, temperature variability, nutrients (pollution),
sedimentation, physical human impacts, and coral disease
(Table 1). The local reef experts scored the indicators for the
same 68 sites on a 5-point Likert scale, with one denoting low
resilience conditions and five denoting high resilience conditions
as in the biodiversity surveys (McClanahan et al., 2012).
Participants were also provided with detailed descriptions of
scoring criteria from the IUCN’s resilience assessment framework
(Obura and Grimsditch, 2009, see Supplementary Table 2).
Since Taiwanese coral reef ecology is a relatively small discipline,
only four local experts possessed the requisite knowledge
to perform the comprehensive evaluation required for the
assessment. Though having so few workshop participants may
have enhanced individual bias and uncertainty, this reason
should not prevent resilience studies from being carried out in
historically understudied reefs such as KNP.

Additional Resilience Indicators
The local coral reef experts consulted in the resilience scoring
workshop also recommended the removal of six resilience
indicators from the original McClanahan et al. (2012) framework
and subsequent substitution with indicators that were more
relevant to the local context. The indicators removed were:
coral disease, resistant coral species, physical human impacts,
temperature variability, nutrients, and sedimentation. These
indicators were substituted with: bleaching susceptibility, human
gravity [a measure of human accessibility to reefs, calculated by
dividing the population of the nearest human settlement by the
squared travel time to the reef site, see Cinner et al. (2018)],

TABLE 1 | Summary of indicators (marked with an “x”) used in four assessments:

(1) workshop-scored indicators, (2) localized indicators and biodiversity survey

metrics, (3) combined indicators from Assessments 1 and 2, (4) biodiversity survey

metrics only.

Assessment

Indicator 1 2 3 4

Coral diversity* x x x x

Total fish biomass* x x x x

Macroalgae cover* x x x x

Coral recruitment* x x x x

Fishing pressure* x x x

Coral species richness x x x

Typhoon exposure x x

Bleaching susceptibility x x

Tidally-induced upwelling x x

Tourism x

Human gravity x

Resistant coral species x x

Temperature variability x x

Nutrients (pollution) x x

Sedimentation x x

Physical human impacts x x

Coral disease x x

Total 11 11 15 5

Indicators marked with an asterisk (*) were quantified using two methods: the expert

opinion workshop (Assessment 1) and the biodiversity survey (Assessments 2, 3, and 4).

tourism, coral species richness, typhoon exposure, and tidally-
induced upwelling (see Supplementary Tables 3, 4 for detailed
explanation on indicator substitution).

The six additional indicators were quantified using existing
data to produce scores for each site on the same scale as the
previous indicators. Bleaching susceptibility was quantified by
consulting coral reef experts to assign a bleaching sensitivity
score (on a scale of one to five) for each coral genus within
KNP. A site-specific bleaching susceptibility score was then
calculated by multiplying the abundance of each genus by its
sensitivity score. Human gravity was calculated from data from
Taiwanese government reports on the populations of the nearest
town to each reef site (Taiwan Ministry of the Interior, 2019).
Similarly, the level of tourism at each site was quantified by the
number of annual tourists visiting the nearest tourist landmark
(Taiwan Ministry of the Interior, 2017). Coral species richness
was calculated from the biodiversity survey dataset (see section
Biodiversity field surveys). Typhoon exposure was scored by
ranking each site for their geographic exposure to the two major
typhoon paths influencing KNP (Dai, 1991; Kuo et al., 2011, 2012;
Keshavmurthy et al., 2019). Lastly, tidally-induced upwelling data
was adapted from previous measurements taken in KNP (Lee
et al., 1999a,b) to score each site for its level of upwelling. Each
of the indicators was scaled on a range of one to five, with
one indicating low resilience conditions and five indicating high
resilience conditions.
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TABLE 2 | Overview of different resilience assessments and comparison of

approach types.

Assessment

1 2 3 4

Brief

description

Expert opinion

workshop

Indicators

tailored to

local context

Includes all

indicators

Biodiversity

survey data

Qualitative

data

x x

Quantitative

data

x x x

Anthropogenic

indicators

x x x

Locally-

specific

indicators

x x

Each assessment feature is marked with an “x”.

Resilience Assessment Frameworks
The four frameworks that were used to quantify resilience apply
different combinations of indicators and data types (Table 1,
further described below). In total, 17 resilience indicators
were measured through quantitative or qualitative surveys
and employed across the four frameworks (Tables 1, 2 and
Supplementary Table 1). For each assessment, the resilience
score for each site was calculated by averaging the scaled scores
of the resilience indicators. Although some studies have explored
the use of weighting systems for indicators (Maynard et al., 2010;
Ladd and Collado-Vides, 2013; Gibbs and West, 2019), there
is no clear evidence that implementing weighting schemes is
effective (Maynard and Mcleod, 2012). Studies that have tested
indicators under a variety of weighting systems have also showed
that the resulting management actions and derived outcomes
were largely unaffected by the weighting (Gibbs and West,
2019). Thus, the indicators in our resilience assessments were
equally weighted.

Assessment 1, the most generalized assessment approach,
followed the protocol of the evidence-based framework of
McClanahan et al. (2012) and used the 11 indicators scored in
the expert opinion workshop (Table 1).

Assessment 2 adapted the framework from McClanahan
et al. (2012) by incorporating the additional indicators that
were reflective of the local context in KNP and quantified
empirically. The indicators in this assessment were scored from
the biodiversity surveys rather than the expert opinion workshop.
A total of 11 indicators were used in this assessment, applying the
six substitutions suggested by the local reef experts (Table 1).

Assessment 3 addressed the holistic approach applied in
frameworks such as the IUCN’s by using as many indicators as
possible to calculate resilience (Obura and Grimsditch, 2009).
Fifteen of the 17 total indicators measured were applied in
this assessment, excluding the human gravity and tourism
indicators to avoid redundancy with the physical human impacts
indicator. This approach combined both the quantitative field

data and qualitative workshop data described in the previous two
assessment frameworks (Table 1).

Assessment 4 contrasts with Assessment 3 by focusing
solely on characterizing resilience using field measurements of
parameters indicative of a few key biological reef processes [as
in Ladd and Collado-Vides (2013); Maynard et al., 2015, etc.].
Resilience was calculated from the five metrics directly measured
in the biodiversity survey: coral diversity, species richness, coral
recruitment, fish biomass, and macroalgae cover) (Table 1).

Coral recovery rate, calculated as the difference between coral
cover in 2010 and 2016, was used to evaluate the outcomes of the
resilience assessments (see Supplementary Table 1). The 2010
to 2016 timespan encompasses a period of rapid reef recovery
between two major typhoon disturbances in KNP: Typhoon
Morakot (2009) and Meranti (2016) (Kuo et al., 2011, 2012;
Keshavmurthy et al., 2019). Multidecadal coral cover data for this
period were obtained from the Long-Term Ecological Research
(LTER) project, which recorded data at eight sites in KNP (Kuo
et al., 2012; Keshavmurthy et al., 2019).

Spatial and Statistical Data Processing
Resulting resilience scores were classified into quartiles for
comparison between assessments (Gibbs and West, 2019). The
Kruskal-Wallis test (KW test) was used to test whether mean
resilience scores differed significantly, and the Kolmogorov-
Smirnov test (KS test) was used to conduct pairwise comparisons
of resilience scores from each assessment. The extent to which
scores from the expert opinion workshop and the field surveys
overlapped was evaluated by calculating the Pearson’s correlation
coefficient (PCC) for indicators that were measured in both
datasets (i.e., coral diversity, coral recruitment, macroalgae cover,
fish biomass, and fishing pressure). All statistical data processing
was carried out in R v.3.5.1 (R Core Team, 2020).

Spatial trends of relative resilience scores were analyzed on
QGIS v3.8.1 (QGIS Development Team, 2020). The Moran’s
I index was calculated to test the null hypothesis that scores
were randomly distributed throughout the study area. Scores
from each assessment were then interpolated along a 500-m
coastal buffer zone using the inverse distance weighting tool.
The buffer zone was extended in parts of Nanwan, where study
sites were >500m from the shore. Coral recovery rates were
also interpolated within this region for spatial comparison with
resilience scores. Resilience scores were also compared with
coral recovery rates for statistical correlation via the Pearson’s
correlation coefficient.

RESULTS

Biodiversity Field Surveys
The ecological survey yielded over 21,000 data points on benthic
composition, fish, macro-invertebrates, and coral recruitment
(see Supplementary Table 5 for regional summary statistics
and Supplementary Table 1). The west coast of KNP had the
highest regional average of coral diversity (average = 0.876,
Simpson’s diversity index), though diversity was relatively high
in all park regions barring the east coast (average = 0.738,
Supplementary Table 5). Between 2010 and 2016, Western
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TABLE 3 | Summary of resilience scores generated from the localized and

generalized assessments.

Assessment Mean Minimum Maximum St. Dev.

1 3.21 2.66 3.88 0.30

2 3.36 2.39 3.97 0.31

3 3.40 2.81 3.95 0.27

4 3.32 2.28 4.28 0.50

TABLE 4 | P-values from the Kolmogorov-Smirnoff test comparing distributions of

resilience scores in Assessments 1–4.

Assessment 1 2 3

2 9.63e-5

3 2.04e-4 0.74

4 9.90e-3 0.24 0.046

Bolded values indicate a significant difference (p < 0.05).

Nanwan had the highest mean living coral cover in 2016 (average
= 61.0%) and the west coast had the lowest (average = 26.5%).
The highest coral species richness was concentrated in Inner
Nanwan (average = 47.1 species at each site), where the relative
biomass of total fish (average = 643,600 cm3) was also the
highest. The east coast had the lowest coral species richness
(average = 27.4 species at each site) and the lowest relative
biomass of total fish (average= 155,000 cm3).

Resilience Scores and Indicators
Resilience scores from the four assessments ranged between 2.28
and 4.28 at each site (Table 3), with the lowest and highest mean
scores being 3.21 (Assessment 1) and 3.40 (Assessment 3). There
were no significant differences between the average resilience
score of each assessment and the group mean (KW test χ² =
271, df = 237, p = 0.0639), though pairwise comparisons of
assessments indicated significant differences in the distributions
of four out of the six pairs (Table 4). There was little to no
correlation in the indicators measured in both qualitative and
quantitative surveying methods (Table 5). Coral diversity had the
strongest correlation between the two datasets, but this was only
moderate (PCC= 0.423,Table 5). Macroalgae cover had virtually
no correlation between the two measurement methods (PCC =

0.042), while the others had correlation coefficients ranging from
0.141 to 0.396 (Table 5).

The breakpoints for resilience quartiles were 3.09 (25%), 3.31
(50%), and 3.55 (75%). Only six sites (39, 43, 45, 51, and 52)
were grouped into in the same resilience quartile by all four
assessments (Table 6). Fifteen sites were grouped into in the same
quartile by three out of the four assessments, nine of which were
classified as high resilience (4th quartile). In contrast, more than
half of the sites (n = 38) were classified into three or even four
different quartiles.

In all four assessments, the spatial distribution of resilience
scores had a highly significant tendency toward clustering
(Moran’s Index, I = 0.261, p < 0.001). Most of the sites in

TABLE 5 | Pearson’s correlation coefficient for indicators scored by both

qualitative (expert opinion workshop) and quantitative (biodiversity field survey)

methods.

Indicator Coral

diversity

Coral

recruitment

Total fish

biomass

Macroalgae

cover

Fishing

pressure

Correlation

coefficient

0.423 0.141 0.312 0.042 0.396

Values range from −1 to 1, with 0 indicating no correlation.

Inner Nanwan (i.e., around sites 21–25) and part of Eastern
Nanwan (i.e., sites 28 and 29) were identified as high resilience
areas by all assessments, while the sites off the east coast of
KNP (sites 35–42) generally hadmid-to-low resilience (Figure 2).
Other areas in KNP had spatial patterns of resilience that varied
depending on the assessment (Figure 2). The two peninsulas of
KNP, Eluanbi and Maobitou, had relatively high resilience in
Assessment 1 (Figure 2A), but mid-level resilience in Assessment
3 and 4 (Figures 2C,D) and low resilience in Assessment 2
(Figure 2B). The west coast of KNP had mostly low resilience
in Assessments 1 and 3, but very high resilience in Assessment
4. The resilience of western Nanwan reefs was interpreted
differently by each assessment: high resilience by Assessment 1,
mid/low by Assessments 3 and 4, and very low by Assessment 2.

Coral Recovery Rates
The highest coral recovery rates were found in the innermost
parts of Nanwan (mean recovery rate of 494.3%, see
Supplementary Table 5), which is also where all resilience
assessments identified high resilience reefs (Figure 3). Recovery
rates were also relatively high off the southwestern coast of
Hengchun Peninsula and in eastern Nanwan (mean recovery
rate of 115.2%). The lowest site-based recovery rates were
near Eluanbi and the nuclear power plant in western Nanwan
(Figure 3) and the lowest regional recovery rate was along
the east coast (mean recovery rate of −38.6%). These spatial
patterns of coral cover recovery were most closely replicated in
Assessments 2 and 4 (Figures 2B,D, 3). The resilience pattern
of Assessment 1 largely lacked similarity to those of the coral
recovery rates, particularly in Eluanbi and western Nanwan
(Figures 2A, 3). Lastly, Assessment 3 classified Maobitou as low
resilience and Eluanbi as relatively high resilience, which is the
opposite of the coral recovery rate trends (Figures 2C, 3). Based
on a visual comparison of spatial trends in coral recovery rates
and the resilience scores, assessment performance can be ranked
from high to low accuracy as follows: 4, 2, 1, 3 (Figures 2, 3).
From a statistical correlation standpoint, the assessments rank
2, 4, 3, 1 (Pearson’s correlation coefficient: 0368, 0.310, 0.283,
0.147, respectively).

DISCUSSION

This study is the first to investigate how resilience scores
are affected by different assessment approaches. We tested
four resilience assessment frameworks to score resilience in
KNP, Taiwan, yielding unique insights into ecological resilience
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TABLE 6 | Comparison of resilience quartiles between the four assessments at

each site, where: Q1 (red, low resilience) is <3.09, Q2 (orange) is 3.09–3.31, Q3

(yellow) is 3.31–3.55, and Q4 (green, high resilience) is >3.55.

Site Assessment

1 2 3 4

1 2.70 3.33 3.11 3.97

2 2.94 3.17 3.13 3.26

3 2.94 3.15 3.11 3.19

4 2.94 3.39 3.32 3.81

5 2.94 3.40 3.32 3.83

6 2.91 3.59 3.19 3.58

7 2.66 3.56 3.00 3.51

8 2.85 3.53 3.27 3.73

9 2.94 3.23 3.22 3.51

10 3.03 3.56 3.50 4.22

11 3.09 3.97 3.52 4.28

12 3.09 3.59 3.32 3.56

13 3.30 3.15 3.14 2.69

14 2.88 3.02 3.07 3.16

15 3.30 2.85 3.47 3.42

16 3.21 2.77 3.28 3.17

17 3.24 3.07 3.41 3.29

18 3.12 2.90 3.22 3.33

19 3.39 2.62 3.11 3.03

20 3.64 3.41 3.84 3.73

21 3.73 2.97 3.50 3.31

22 3.30 3.52 3.56 3.52

23 3.18 3.04 3.37 2.97

24 3.30 3.63 3.69 3.93

25 3.12 3.77 3.58 3.87

26 2.91 3.21 3.09 2.81

27 2.94 3.33 3.18 3.07

28 3.06 3.59 3.53 3.66

29 3.61 3.46 3.70 3.29

30 3.06 3.37 3.17 2.44

31 3.18 3.72 3.46 3.19

32 3.21 3.24 3.38 2.93

33 3.27 3.40 3.54 3.09

34 3.27 3.26 3.43 2.76

35 3.30 3.29 3.52 2.87

36 3.30 3.26 3.48 2.83

37 3.21 3.37 3.31 2.40

38 3.07 3.43 3.36 2.63

39 3.76 3.74 3.87 4.09

40 3.12 3.71 3.46 3.11

41 2.91 3.53 3.32 2.72

42 2.91 3.34 3.18 2.28

43 3.82 3.72 3.88 4.03

44 3.82 3.50 3.74 3.55

45 3.70 3.58 3.77 3.85

46 3.88 3.32 3.66 3.25

47 3.57 3.17 3.58 3.34

48 3.88 3.52 3.95 4.13

(Continued)

TABLE 6 | Continued

Site Assessment

1 2 3 4

49 3.79 3.40 3.86 3.85

50 2.88 3.29 3.21 3.63

51 2.88 3.05 3.02 3.07

52 2.68 3.05 2.94 2.92

53 2.91 3.04 3.07 3.13

54 3.21 3.08 3.22 3.53

55 3.16 2.39 2.81 2.58

56 3.48 3.48 3.54 3.38

57 3.18 3.75 3.54 3.70

58 3.06 3.39 3.33 2.67

59 3.15 3.63 3.37 3.45

60 3.03 3.45 3.28 3.44

61 3.12 3.47 3.38 3.42

62 3.39 3.92 3.90 3.76

63 3.39 3.92 3.92 3.77

64 3.45 3.94 3.95 4.12

65 3.45 3.58 3.73 3.34

66 2.93 3.36 3.16 2.34

67 3.18 3.34 3.23 2.30

68 3.24 2.89 3.20 2.86

quantification. The study also highlights the importance of in-situ
quantitative studies on ecological processes, which have shown
to be more reliable indicators of resilience than qualitatively-
assessed indicators.

Influence of Indicator Selection on
Resilience Scores
Our analysis demonstrated that Assessments 2 and 4 generally
showed resilience trends with better consistency than did
the broader-scale and qualitative Assessments 1 and 3. The
substantial variation in scores between assessments can largely
be attributed to differences in indicator selection. In many
of the studied sites, indicators were scored similarly in the
expert opinion workshop and biodiversity survey, but the
overall resilience score and quartile ranking varied depending
on the assessment’s set of indicators. For instance, all four
assessments were in general consensus with low scores for
coral recruitment, fish biomass, tourism, and human impacts
at western Nanwan sites (e.g., sites 18, 19, 54). Yet, overall
resilience scores diverged due to the inclusion of other indicators
in some assessments that detracted from the overall similarities.
Incorporating sedimentation, nutrient pollution, and coral
disease in Assessments 1 and 3 increased the resilience scores
at these sites, while scores remained low in Assessments 2 and
4 without these indicators. This example illustrates how the
inclusion of different indicators can influence the final resilience
score of a site despite the core ecological processes conferring the
same level of resilience.

Themethod of data collection can also lead to large differences
in resilience scores, as seen in the weak correlation between
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FIGURE 2 | Spatial interpolation of relative resilience scores along a 500-m coastal buffer from each of the four assessments, including (A) Assessment 1; (B)

Assessment 2; (C) Assessment 3, and (D) Assessment 4. Resilience score scales are relative for each map and colored on a quantile scale.

the datasets of five indicators measured in both the expert
opinion workshop and biodiversity survey. This lack of overlap
highlights the discrepancies between qualitative, opinion-based
scoring and empirical, field-based scoring in the context of
resilience quantification. Our use of an expert opinion workshop
incites the assumption that the experts are both accurate and
relatively consistent with one another, though a certain degree
of dissonance amongst individual opinions is unavoidable (Lam
et al., 2020). The large majority of similar studies quantified
their indicators through field surveys resembling our biodiversity
surveys (e.g., Cinner et al., 2013; Maynard et al., 2015; Hock
et al., 2017), suggesting that this approach may be more suitable
for resilience assessments than expert scoring. The opinions of
experts, however, are still valuable in shaping the framework

approach and indicator selection [as in Gibbs and West (2019)]
and offering insight into the validity of quantified resilience
scores (McClanahan et al., 2012).

Previous resilience studies have shown that assessment
outcomes are sensitive to the number of indicators used, in which
more indicators do not necessarily lead to a better portrayal of
resilience (Lam et al., 2020). The incremental importance of each
indicator diminishes as the total number of indicators increases,
and scores thus tend to revert to the group average (Maynard
and Mcleod, 2012; McClanahan et al., 2012). Indeed, we found
that the assessment that applied the most indicators had the
least reliable outcome: Assessment 3 included a combination of
different data collection methods using 17 diverse indicators,
yet yielded the least congruous results (Figure 2). Therefore, the
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FIGURE 3 | Spatial Interpolation of coral cover recovery rate (2010 vs. 2016)

along a 500-m coastal buffer. The white points indicate the sites monitored by

the Long-Term Ecological Research (LTER) project in Kenting National Park.

inclusion of more indicators and data types in the hopes of
“covering all the bases” is not necessarily beneficial when it comes
to quantifying reef resilience (McClanahan et al., 2012; Mumby
et al., 2014).

Strengths of a Localized and Succinct
Approach
The success of Assessment 4, which consisted of five indicators
that characterize ecological processes, suggests that resilience can
be modeled relatively well with a few key indicators. It may thus
be redundant to include anthropogenic drivers that are already
reflected in baseline ecological and environmental indicators.
Including such indicators, like pollution, fishing, or even typhoon
exposure, may introduce a level of bias or error that outweighs
the indicator’s marginal contribution to resilience modeling.
Like many prior resilience studies, the succinct approach of
Assessment 4 has shown success because it places ecosystem
processes and biodiversity at the focal point of resilience (Hughes
et al., 2005). Other resilience assessments conducted on similar
spatial scales have also successfully calculated relative resilience
without factoring in anthropogenic indicators (e.g., Maynard
et al., 2015).

Furthermore, the assessments in our study that utilized
empirically measured field data (Assessments 2 and 4) performed
better than did those that used qualitative data derived from
expert opinion (Assessments 1 and 3). Resilience assessments,
therefore, need not stray too far from traditional biodiversity
surveys, which capture aspects of baseline ecological functions at
a high resolution (Lam et al., 2017). Since the diversity of species

and functional groups have been established as key supporters
of ecosystem resilience, metrics that quantify these features are
important components of resilience assessments (Walker et al.,
1999; Gunderson, 2000).

Existing historical reef monitoring programs can easily be
adapted to suit resilience frameworks, as demonstrated in our
study (Bachtiar et al., 2019; Gibbs and West, 2019). These
are important considerations to keep in mind when designing
future resilience assessments, especially to maximize the use of
time, energy, and funding resources. The inclusion of locally-
relevant indicators in Assessment 2 contributed to its success in
portraying resilience, particularly because the level of influence
of each indicator is dependent on the environmental setting
(Maynard and Mcleod, 2012). However, this approach is limited
in that not all reefs have high-resolution, long-term monitoring
data for multiple resilience indicators. Field survey data represent
a single time point, while scoring conducted via expert opinions
capitalizes on the multidecadal, holistic knowledge of its scorers
(Lam et al., 2017).

Despite the four assessments having diverging trends, all four
identified KNP’s Nanwan region, particularly Inner Nanwan,
as high resilience areas. This is likely driven by the effects of
tidally-influenced upwelling, which provides significant year-
round cooling effects to relieve thermal stress placed on the
coral communities (Keshavmurthy et al., 2019). This effect
is particularly strong in Inner and Western Nanwan, where
maximum summer temperature fluctuations can range from 4
to 5◦C within 2 h (Keshavmurthy et al., 2019). Additionally,
Nanwan is sheltered from direct damage from oncoming
typhoons, but is simultaneously well-positioned to benefit
from the dissipation of warm surface waters by cool storm
surges induced by the typhoons (Keshavmurthy et al., 2019).
A combination of these unique local environmental effects
contributes to the consistent identification of Nanwan as a high
resilience region in all assessments.

One important caveat of the present study was that our proxy
for resilience, coral cover, is just one metric that characterizes
a complex ecological concept. There are other aspects of reef
dynamics, such as coral assemblage composition, that cannot be
captured by coral cover, yet also contribute to the holistic picture
of resilience. However, we currently do not have additional
data to expand our resilience assessment analysis and instead
have endeavored to provide an initial overview given the data
constraints. In the coming years, we hope to conduct more
comprehensive surveys in KNP and work toward a more
sophisticated portrayal of resilience.

Toward a Better Resilience Assessment
Our results show that while each approach to measuring
resilience has its merits and drawbacks, the picture of resilience
becomes clearest when a few key indicators are included to
reflect core ecosystem processes and locally-relevant factors. The
assessment that included as many indicators as possible was less
successful at capturing resilience than was the one that concisely
quantified key ecological processes, thus suggesting that “less is
more” when it comes to selecting the number of indicators in
a resilience assessment. We also found that individual indicator
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selection is a critical component of the framework design that is
highly influential over scoring outcomes. As such, it is important
to thoroughly consider the resilience framework’s design within
the context of specific reef management goals and the local
environmental setting.

Some studies assert the need for a standardized resilience
scoring system that can be applied across all reefs (e.g., Hodgson
et al., 2015), but this comes with the loss of crucial factors such
as local specificity. The exclusion of metrics that characterize
the unique mechanisms governing the ecosystem’s shifts to
alternative stable states, a key aspect in recent resilience concepts,
may lead to an inaccurate portrayal of resilience (Petraitis and
Dudgeon, 2016; Lam et al., 2020). Resilience assessments must
also be adapted to complement the scale at which management
strategies are being implemented (Lam et al., 2020). The findings
produced from our analysis of different frameworks approaches
and data collection methods support this notion, which can be
further explored in future resilience assessments.

In our study, each approach interpreted resilience in KNP’s
reefs differently, but the high degree of dissonance was largely
ameliorated through cross-checking areas with their resilience
quartile classifications. The application of multiple approaches
or data collection methods can thus be an effective way to
ascertain a more holistic and accurate portrayal of reef resilience.
Overall, when employed with careful planning and consideration,
resilience assessments are a powerful tool for enacting practical
conservation strategies. Our holistic snapshots of reef health
and relative resilience to environmental changes makes these
frameworks highly valuable to coral reef ecologists, managers,
and policymakers alike.
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