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Abstract
46 ]

reefsﬂ‘twened by numerous global and local stressors. In the face of predicted
ge-scale coral degradation over the coming decades, the importance of long-term monitoring
of stress-induced ecosystem changes has been widely recognised. In areas where sustained
funding is unavailable, citizen science itoring has the potential to be a powerful altemative to
conventional monitoring programmes. In this study we used data collected by volunteers in
Southeast Sulawesi (Indonesia), to demonstrate the potential of marine citizen science pro-
grammes to provide scientifically sound information necessary for detecting ecosystem changes
in areas where no altemative data are available. Data were collected annually between 2002
and 2012 and consisted of percent benthic biotic and abiotic cover and fish counts. Analyses
revealed long- al reef ecosystem change. We observed a continuous decline of hard
coral, whichin tum a significant effect on the associated fishes, at community, family and
ies levels. We provide evidence of the importance of marine citizen science programmes in
@istecting long-term ecosystem change as an effective way of delivering conservation data to
Exal govemment and national agencies. This is particularly true for areas where funding for
monitoring is unavailable, resulting in an absence of ecological data. For citizen science data to
contribute to ecological monitoring and local decision-making, the data collection protocols need
to adhere to sound ggientific standards, and protocols for data evaluation need to be available to
local giakeholders. , we describe the monitoring design, data treatment and statistical anal-
yses 10 be used as potential guidelines in future marine citizen science projects.

Int ction

In the tace of predicted large-scale coral degradation over the coming decades [ 1], it is crucial
to establish long-term data series to explore how the degradation of corals can affect associated
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ccosystem components and the implications of those changes for human well being [.‘].gml
reefs are ned by a range of impacts, resulting in coral loss at global and local scales [ 3].
Increasing sea surface temperature (SST) has been identified as the principal threat to corals
globally, causing thermally induced coral beaching often resulting in coral mortality and sub-
sequent breakdown of the reef matrix [4]. At alocal scale, coral reef degradation is manly the
result of growing coastal populations and a range of associated stressors. Impacts such as the
overharvesting of reef fish, the use of destructive fishing techniques, sewage, industrial pollu-
tion, sedimentation and recreational SCUBA diving can inflict severe damage to coral over
short periods of time [3]. Subsequently, the degradation of coral following disturbance events
can alter the composition of the assocated fish comngggities by affecting species reliant on the
reef structural matrix for sh and those requiring live corals as a food resource [3]. The loss
of essential habitat often has a significant impact on the abundance of small, coral-dwelling
fish (e.g. Pomacentridae and Pseudochromidae), which due to their size rely on the coral struc-
tural matrix for shelter. Reduction in food availability caused by the loss of live coral most
commonly affects coral-feeding fish such as Chaetodontidae and Pomacanthidae [6,7].

The need for long-term data on ecosystem changes has long been recognised, not only for
coral reefs, but also for other ecosystems, highlighting the mportance of the few existing data-
sets [4]. The establishment and maintenance of environmental monitoring programmes, how-
ever, requires long-term commitment of funding institutions and/or governments at national
or regional levels. While sustained funding might be easier to achieve in economically and
politically stable countries, it is not always guaranteed. In times of financial crises, cuts in gov-
emment spending in developed countries commonly target environmental conservation
schemes, often reducing and curbing established monitoring programmes [V]. On the other
hand, in areas where economic resources are limited, political scenarios might frequently
change and where environmental monitoring is not perceived as a priority, long-term moni-
toring can simply be absent altogether. Thus, when and where sustained investment might not
be an option, the use of citizen science emerggeps a powerful alternative for setup and mainte
nance of long-term monitoring programmes. Citizen science, i.e. the use of volunteers or pub-
lic participation in scientific research, has been acknowledged as a useful addition to both
conservation and ecology as it can generate data at broad spatial and temporal scales [3,10].

Since ecosystem vulnerability is generally context-dependent, as is the case for coral reefs
[3], itis also important to expand assessment and monitoring techniques so that a broader
range of systems across gradients of anthropogenic and natural multi-stressors are examined.
Only then will we be able to construct realistic predictions of how these ecosystems might
react to future disturbances. Furthermog2 while some coral reef habitats have been well char-
acterised [11], many have not [12]. This &k of information for some areas of the world repre-
sents a challenge for the development of ecological predictions as there is evidence that coral
reefs, depending e.g. on their spatial isolation [1 3], can significantly differ between areas,
much more than what natural processes would predict [ 1 1. This implies that reef communi-
ties, biodiversity and therefore species interaction networks can be significantly different
between areas. It is therefore important to find alternative approaches to enable the acquisition
of ecological knowledge to fill these gaps.

In this paper we want to draw attention towards the potential of citizen science programmes
in detecting ecosystem change n areas where sustained research funding is lacking and high-
light its importance in enlarging the pool of ecological data to areas likely to remain unexplored
through traditional research. Data collected through citizen science programmes can play a cru-
cial part in the generation of comprehensive global datasets, providing essential information
where otherwise no data would be available. Not all citizen science projects, however, have been
able to contnbute to the long-term monitoring of ecosystems; in fact only a small proportion of
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citizen science data ultimately make it to peer- reviewed scientific articles [15). Poor data quality
and failure to analyse it using sound statistical methods are some of the frequent citizen science
data challenges [ 1,1 7]. For citizen science data to contribute to ecological monitoring in a
meaningful way, the data collection protocols need to adhere to sound scientific standards and
need to be available to stakdmﬁrs interested in continuing or extending the collection or anal-
ysis of data. Thus, in addition, we describe the monitoring design, data treatment and statistical
analyses to be used as potential guidelines in future marine citizen science projects.

We used an 11-year coral reef monitonng dataset collected by volunteers in a previously
poorly explored area in Southeast Sulawesi (Indonesia) to emphasise that citizen science pro-
grammes are an essential resource in biodiversity research and demonstrate how they can gen-
crate much needed data for the detection of long-term ecosystem change in areas where no
other information might exist.

Materials and methods
Study site -

a1
Sampling took place on some of the richest and most diverse coral reefs in the world, located
around the islands of Hoga and Kaledupa, within Wakatobi National Park (WNP), in the
Tukang Besi archipelago in South East Sulawesi, Indonesia (1ig | and Table 1) [12]. Witha
surface area of 13.900km” and a resident community of around 100,000 people, WNP is the
one ?e largest and the most populated national park in Indonesia [14]. It has historically
been characterized by a lack of sufficient funding, ineffective enforcement, minimal commu-
nity participation in management activities and inappropriate zonation. Local people of WNP
are highly dependent upon marine resources, resulting in widespread overfishing and unsus-
tainable exploitation [ 1]. It has been reported in the literature that bomb fishing is an

ﬁl. Sampling location. Boxed arcas represent: a) Sulawess, by Wakatobt Natonal Park, ¢} monitonng arca

Ups./doLorg10.1371/pumat.pane 02 1000/ g001
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Table 1. Names and geographic coordinates of the sites sampled.

GPS coordinates

Site South East
Pak Kasim 05°27'.925" 123°45.323"
Ridge 05°26". 940° 123745 245°
KDs 05727 849" 123422317
Kaledupa 05°28.272" 123°43.4297
Buoy 3 03 28" 380" 123 454517

pela 0529 062" ' 123°45.228"

HEps AdororgA 03371 oamal pone D2 1000/

important fishing practice within the \EP’ [ 4], personal observations of which were also
made by several of the authors at most of the study sites during the monitoring period.

Long-term monitoring

A long-term monitoring programme was implemented in WNP in 2002 through collaboration
between Operation Wallacea and the Indonesian Insti of Sciences (LIPI) [14]. Operation
Wallacea is a network of foreign and local Indonesian academics, who design and implement
biodiversity and conservation management research expeditions supported by volunteers.
Volunteers, mainly university students, bear all the costs of their participation in the pro
gramme, including travel, accommodation and associated training expenses. The average
number of volunteers involved with the WNP menitoring programme for any given year is
approximately 25 and the typical length of their stay is four weeks. Different aspects of the pro-
gramme (¢.g. education, training, logistics) are run by the visiting academic staff, as well as
members of the local community. Data collected are subsequently shared with the local gov-
ernment, the National Parks Agency, the Indonesian Institute of Sciences and the Indonesian
Ministry of Research, Technology and Higher Education.

Data collection

The temporal variation in benthic cover and the associated fish community structure was
assessed by a mix of academic staff and volunteers, yearly from June to August, between 2002
and 2012, by surveying 51 permanent transects of 50m length. The transects were established
in the study area using a nest ign, in replicates of three (except at one location where
there was no reef flat habitat), on the reef flat (5m horizontal distance on the landward side
from the reef crest), the reef crest and the upper reef slope {defined by habitat type and a depth
of 10m). At the start and the end, permanent transects were marked with steel pickets, and
cach transect was separated by a minimum horizontal distance of 20m. Using Continuous
Line Intercept Transect technique, a single diver recorded the % cover of different benthic
biotic (hard and soft coral, macro algae) and abiotic (rock, rubble, sand) categornies, while fish
counts were carried out by single-diver underwater visual censuses [19]. The same transects
were used for benthic and @#gsurveys. The sampling was conducted between the hours of
09.00 and 16.00, excluding the high activity periods of early morning and late afternoon, thus
reducing variability in fish densities due to diurnal influence on behaviour [20]. A total of 495
transects were sampled over 11 years. Due to logistical constraints not all permanent transects

established were sampled each year. In years 2004, 2006 and 2007 transect samples missed rep-
resented 49%, 33% and 22% of the total possible combinations of year by locations, respec

tively. For the remaining years in which transects were missed (2002, 2003, 2008 and 2009),
they represented less than 10% of the total possible combinations. Overall, almost an identical
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number of transects was sampled for crest and slope habitats, while the reef flat habitat was
represented by 27% less transects.

To investigate if any of the trends observed in benthic cover were related to high tempera-
ture anomalies, we obt?ﬂ area-specific monthly means Extended Reconstructed Sea Surface
Temperatures (ERSST) from the National Oceanic and Atmospheric Administration (NOAA)
website (https.//wwiw ncsdis noaagov. ). To obtain information about the coral bleaching tem-
perature threshold in the sampling area we used the Regional Virtual Station for South East
Sulawesi [ 1]. Thermal stress likely to cause significant coral bleaching was determined by
idenufying the months, termed Degree Heating Months (DHM), in which the monthly tem-
perature mean exceeded the coral bleaching temperature threshold [22].

Volunteer training and data treatment

Between 2002 and 2012, approximately 275 volunteers, supervised by experienced researchers,
collected the study data. Volunteers did not necessarily have previous diving and/or sampling
experience. If the volunteers were not SCUBA proficient, they completed a PADI Open Water
course at the local dive centre. Subsequently, they attended a one-week reef ecology course spe-
cific to the sampling area, which combined theory and field sessions on the identification of dif-
terent benthic categones and fish species. To participate in the data collection, volunteers had to
achieve a minimum of 90% in a test at the end of their training period. To improve data quality,
volunteers’ first identifications were cross-checked against those of experienced researchers.

To reduce observer-related variability we introduced various data treatment procedures
minimising the presence of any erroneous or false data. All the fish species which occurred in
a single transect and did not reappear in previous or subsequent years were remove doing
so, there was a risk of removing some of the rare species from the dataset. However, due to the
extremely large number of species and relatively low experience of the observers, it was more
likely that these species were indeed erroncously identified and including them would have
introduced large variability in the dataset. We used FishBase (1t www tishbase org/) to
match the species’ geographical distributions-if a species recorded had previously not been
observed in our study area it was marked as a possible erroneous identification. All possibly
erroneous species were photographically compared to the species within the dataset with con-
firmed occurrences in the sampling area, and their abundances were added to the physically
most similar species of the same fish family. Finally, because the initial programme design did
not include cryptic and transient pelagic species, those accidentally recorded by the volunteers
were also removed.

Statistical analyses

To observe temporal sequential change in fish community composition, nonmetric multidimen-
sional scaling (MDS) was performed on annual mean abundance data per vear, using software
PRIMER v6 [ 2], The resulting ordination was tested for senation to identify a statistically signifi-
cant sequential pattern with consecutive years having a higher similarity compared to years sepa-
rated by longer time periods. The Simprof test was applied to ascertain if some years formed
statistically significant clusters groups) due to their similarity in species composition.

In line with recommende istical solutions for error and bias in global citizen science
datasets, we used Poisson or negative binongis generalized linear mixed-effects models
(GLMMs) to test the degrggf influence of hard coral cover on the fish community abundance
and species richness [ 16]). -inflated Poisson or Zero-inflated negative binomial generalized
linear mixed models (Zero-inflated GLMMs) were used to mvestigate the relationship of hard
coral cover and fish family abundance [16]. If the relationship was statistically significant and
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if the fish family abundance contributed to 1% of the total community abundance, individual
species within the family were also tested for their hard coral cover-abundance relationship.
Due to the large number of species within families, we tested the relationships for all species
which cumulatively attributed to > 90% of the total family abundance contribution, We thus
excluded occasional, possibly erroneously identified and non-dominant species, and included
statistically significant hard coral cover-abundance relationships of all other species. We chose
Zero-inflated GLMM:s for these analyses as zero inflation was evident in the transect data. All
models were random intercept models where the random factor was Year. We analysed all
model data with the package glmmTMB in the statistical software R {24,25].

Results

Data quality

Benthic data collected was of consistent quality, as the surveys were based on easily distin-
guishable broad benthic categories. Conversely, fish data showed a much higher variability.
This was mainly due to two main factors: the large number of fish species and difficulty to cor
rectly identify and count them, and the collection of data by a multitude of observers of differ-
ent experience levels,

Remaval of the fish species which occurred in a single transect and did not reappear in previ-
ous or subsequent years amounted to approximately 35% of all species but had less than 1%
contribution to the total abundance. By conducting photographic comparisons of potentially
cerroncously identified species to the species with confirmed occurrences in the sampling area
we further reduced the speces variability by 20% from the initial dataset, however we preserved
the overall abundance. By identifying erroneously recorded cryptic and transient pelagic species
we climinated 4% of the fish species and reduced the total fish abundance by < 0.1%.

Benthic community and temperature anomalies

The reefs in 2002 were characterised by high hard coral cover and low abiotic cover (11 ).
Subsequently, annual surveys documented a continuous decline from the initial mean hard
coral cover of 45.8% in 2002 to a low mean of 14% in 2012. We obscrved the most notable
changes between 2004 and 2005 with 10.3% decline, and between 2007 and 2008, when mean
hard coral cover declined by 8.5%. Overall, we evidenced a decline of 69.3% in mean hard
coral over the 11-year period, relative to the initial cover. Conversely, over the same period the
mean abiotic cover increased from 19% in 2002 to 63.4% in 2012. Algae experienced an
increase in mean cover from 16.4% in 2002 to 22.5% in 2006, followed by a gradual decrease to
4.9% in 2012 (51 I'1z). Mean cover of soft coral demonstrated little fluctuation and appeared to
be relatively stable over the study penod; 15.6% in 2002 and 13.6% in 2012 (51 110).

According to the South East Sulawesi Coral Reef Watch Regional Virtual Station the bleach-
ing temperature threshold for the arca is 30.38° C. Consequently, using the ERSST data, we
identified three years with DHM (2002, 2005 and 2006) (11 2).

Fish community

The seriation test on the nonmetric MDS representing the evolution of fish community com-
position through time showed that a significant sequential pattern existed in the fish commu-
nity composition (Rho = 0.24, p = 0.03). The Simprof test identified significant year groupings
at p<0.05 (F'ig 3A). The 1" grouping comprised the years 2002, 2003 and 2005, and the 2™
one the vears 2008, 2009, 2011 and 2012. Year 2004 did not belong to the groups identified by
Simprof, but clustered more closely to the 1™ group. The two-year groupings were connected
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by years which were notably distinct from both groups, 2006 and 2007, representing a transi-
tion period, while 2010 was highly distinct from all other years. The two groupings and the
transition years match the temporal trend in hard coral cover, coinciding with initial years of
high hard coral cover a* grouping), followed by transition years and culminating in years of
low hard coral cover (2™ grouping).

We observed significant negative effects of decreasing hard coral cover on the fish commu-
nity abundance and species richness (7 1'1). Furthermaore, we identified significant abun-
dance relationships with hard coral cover for 13 fish families. Acanthuridae (Fig 31),
Nemipteridae, Pomacanthidac @ Epinephelinae displayed a negative effect of increasing
hard coral cover on abundance. Hard coral cover had a positive effect on the abundance of
Anthiinae (I 30C), Balistidae, Chaetodontidae (11 31)), Holocentridae, Labridae, Lutjanidae,
Pomacentridae, Pseudochromidae and Zanclidae (51 Tableand 55 and 54 Figs). Of the 13 fish
families, eight had >1% fish community abundance contribution and subsequently within
cach, several species with significant hard coral cover-abundance relationship were identified
(52 Table and 55 1), The most notable relationships included a highly negative abundance
relationship with increasing coral cover tor Crenochactus striatus (Acanthuridac), and highly
positive relationships for Pseudoanthias squamipinnis and Forcipiger flavissimus, representa-

tive of the Anthiinae and Chaetodonidae, respectively.
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Discussion

This study provides evidence of the importance of citizen science programmes in detecting
long-term ecosystem change. Using the volunteer collected data, we observed a profound alter-
ation in benthic habitat, as well as its effect on the associated fish fauna. At the community
level, fish abundance decreased in parallel to decreasing hard coral cover, resulting in a fish
community much different in abundance and species ¢ sition at the end of the monitor
ing period compared to the beginning. While the loss um coral cover had a strong effect
on fish commugity abundance, the effect on community richness was subtle. Nonetheless,
with a decrease in hard coral cover the number of species also decreased. In addition to reduc-
tion in hard coral cover, it is likely that bomb fishing and an increasing human population,
dependent on fish for food, were also contributing factors driving fish community changes.

At the fish family level, the data showed that not all fishes responded in the same way, and
both positive and negative relationships with hard coral cover were detected. Anthiinae (a sub-
family of the Serranidac) showed a strong negative relationship with decreasing coral cover.
Most species of this subfamily live close to the substratum and due to their small size rely on
the coral structural matrix for shelter [~]. The decline in their abundances could have been
attributed to the loss of habitat caused by bomb fishing, resulting in direct structural collapse
of the reef matrix. Other families of small-bodied fishes observed in this study also experienced
decreases in abundance (e.g. Pomacentridae, Pseudochromidae). Prior to 2006, the most dom-
inant species were exclusively made up of members of small-bodied, coral-reliant fish families.
After 2006, loss of dominance of certain small-bodied families and their replacement by the
species of other families was observed. This further supports the argument of the reliance of
these tamilies on coral habitat since the shift in species dominance occurred at a point at
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which the benthic habitat experienced a profound hard coral cover loss. Besides a loss of essen
tial habitat for small-bodied coral-dwellers, reduction in hard coral can also cause reduction in
food availability for coral-feeding fishes []. Here, these fishes were represented by the Chaeto-
dontidae, displaying a strong negative relationship with decreasing coralgrgrer. Concordant
with these findings, there is a large body of evidence also confirming the positive correlation
between the abundance of Chaetodontidae and the amount of hard coral available (6, |. There
is some evidence, however, that hard coral cover is not always the most important limiting fac-
tor for the abundance of Chaetodontidae and the etfects could be species-dependent [ 0]

Certain fish families, however, increased in abundances following decreases in coral cover.
Acanthuridae were the most prmmncrmamplc. Most Acanthuridae are detritivorous, feed-
ing on loose sediment [27]. Reduction in coral cover was accompanied by an increase in abi-
otic cover, thereby increasing the food availability for detritivorous fish. Furthermore, the
abundance contribution of the species pointed to a shift in dominance over years, with the
appearance of Acanthuridae in 2006 decrease in dominance of previously higher ranked
Pomacmmdacq:- period of change in the fish community structure corresponded to that of
large decreases in hard coral cover and increases in abiotic cover, Increase in Acanthuridae fol-
lowing reduction in hard coral cover has also been reported in previous studies (e.g. [24]),
however there also are those which failed to detect such a relationship [29,:0]. Pomacanthidae
and Nemipteridae also experienced increases in numbers. Species belonging to these families
commonly feed on highly mobile invertebrates and small benthic fish and hence are not
strongly dependent on live coral for food or habitat [3!]. Furthermore, they may have also
benefited from increases in abiotic cover, primarily rubble, housing many larval fish and
invertebrates.

Although there are no reports in the literature of any mass bleaching events for the study
area, the ERSST data confirmed occurrence of DHMs in 2002, 2005 and 2006, which likely
contributed to the reduction in hard coral cover observed. The reduction in coral might have
also been driven by other important factors. Bomb fishing, causing physical destruction of
coral, was identified as one of the most prevalent fishing practices used within the WNP [15].
Since the population living in the already densely inhabited study area increased over the mon-
itoring period, coupled with the high dependency on reef fish for food, this could have induced
considerable physical damage to the reef from destructive fishing practices [ 1 #]. Personal
observations of the blast fishing damage to the coral, as well as heagimgs of explosions in the
proximity, were made throughout the monitoring period. Fina]lyﬁcorﬂ disease progres
sion rates and high tissue mortality rates for coral diseases have also been reported on many of
the sites sampled in the park [ 2]

Citizen science projects provide conservation, ecological science and management an
extremely powerful tool that allows the collection of scientifically reliable data at temporal and
spatial scales, which would be otherwise unfeasible [ 33]. So far however, citizen science proj-
ects have often focused on terrestrial ecosystems within developed nations. Of the 509 citizen
science initiatives described by Pocock et al. in their systematic review, only 75 projects were
marine and of those, all but one took place in Europe or the United States [34].

With thighmudy, we wanted to draw attention towards the unexplored potential that citizen
science has for developing nations, where the establishment and maintenance of long-term
data collection programmes might not be feasible and government agencies are often poorly
equipped or trained to carry out necessary monitoring. Data collected through citizen science
can subsequently, as is the case here, be transferred to local government and national agencies
(e.g science, conservation and education agencies) to inform evidence-based environmental
management and conservation strategies. During the initial stages of the programme, citizen
science programmes rely on sustained involvement of scientists to ensure consistent quality of
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the data collected. However, once the programme is set-up and the periodic data collected
deemed sufficiently robust and meaningful, scientists should build easy-to-follow data man-
agement protocols and statistical analysis codes for open access software. These can then be
left for the volunteer organization and/or locals to use in the future, cutting the total costs of
the programme, aiding in local independency from external sources and knowledge colonial-
ism. The involvement of locals is of particular importance since it has been shown that citizen
science can promote scientific literacy and encourage marine stewardship [3]. In retumn, this
can have positive consequences for the environment through changes in behaviour and an
increase in environmental awareness [ 36]. Arguably in the present case study, a large propor-
tion of the participants originated from developed nations, having the financial capacity to pay
for their trip and subsistence costs during the stay. As such, the project could be viewed as citi-
zen science through “volunteer tourism™ [ 7], We argue that volunteer tourism is a form of cit-
izen science in the sense that data collection is carried out by non-experts on a volunteer basis,
therefore fitting under the citizen science umbrella term, and additionally containing some
particularities that might not be shared through all citizen science projects. Generally, volun-
teer tourists incur non-negligible costs to participate in research or conservation projects,
which normally take place in exotic locations, targeting charismatic ecosystems. These aspects
contrast with the nominal costs that might be incurred by the majority of citizen science vol
unteers and the opportunity to collect datain “their own backyards” [ 15]. The differentiating
clements, however, do not exclude these projects from praviding data on global environmental
problems, therefore contributing to the social and political discourse required to tackle global
challenges. As such, volunteers participating in volunteer tourism projects could be viewed as
citizen scientists who hold feelings of global citizenship and global environmental stewardship,
facilitating research on a local scale for problems that might not necessarily affect them [ 3%].
However, one must be aware that there also negative aspects associated to volunteer tourism
and that the drive behind volunteers is not always related to environmental reasons, as it has
been noted in a number of volunteer tourism projects that volunteers were primarily inter
ested in personal gain, rather than conservation [34]. Furthermore, volunteer tourism can
sometimes be profit-tailored by the private business organising the project, often neglecting
the needs of the communities and in some circumstances even creating a dependency on this
type of tourtsm [ ¢, 11]. Volunteer tounsm is thus not flawless, requuiring therefore a critical
analysis of the possible negative impacts associated [41]. Additionally, when developing citizen
science projects that are primarily based on financially privileged non-locals, projects should
take care in avoiding knowledge colonialism, whereby the knowledge is created solely by the
wealthy and provided as a gift to the less well off | 1], Integrating such projects into the local
communities therefore has to be a key aspect [13].

Frequently, the use of citizen science has been criticised based on the quality of the data col-
lected by non-professionals. In this monitoring programme, a high degree of care was taken to
climinate potential bias associated with inexperienced taxonomists by carrying out training
and testing prior to the surveys, collection of data appropriate for the skill levels of the volun-
teers, as well as subsequent data cross-checks with experienced researchers. These aspects have
been shown to improve data quality and ultimately produce data suitable for scientific analysis
[+2,43]. Additonally, a scientific experimental design was adopted for data collection, ensur-
ing the representativeness of the data. This aspect is not always reflected in citizen science proj-
ects, where volunteers are often asked to record the presence or number of particular species
in particular areas in an opportunistic manner, without necessarily following a statistically
sound design [-14,15]. Even so, it is probable that misidentification of certain species occurred,
but as we demonstrated, there are multiple ways of treating and subsequently analysing such
data to ensure that the ecological interpretation of results is as robust as possible, and that the
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quality of the data is known and accounted for. If the trend of interest is strong, data variability
encountered in citizen science datasets can often be effectively overcome, because of the large
quantity of data provided, in contrast to the sometimes-limited quantity of data from more
formal surveys. Arguably then, data collected by citizen scientists is not a panacea but a cost-
effective way of delivering the base information necded to inform better management.

Within our study, we demonstrate that volunteer monitoring projects can provide useful
data and be a powerful tool to gain data for areas that have limited financial governmental sup-
port. The limitations of such volunteer tourism approaches, besides the data quality issues dis-
cussed, is that they are likely to work only in areas with adequate access, living conditions, and
social as well as political stability. Furthermore, these remote areas need to be characterised by
sufficiently charismatic ecosystems to persuade volunteers to invest in their trip and partici-
pate in such projects. It is improbable that sufficient numbers of altruistic global citizens exist
who would travel to unattractive or degraded locations to sustain long-term observations. On
the upside, many of the world's biodiversity hotspots, such as coral reefs, are also environmen
tally attractive, and as such global citizen science or volunteer tourism projects have an impor-
tant part to play in the management and conservation of our global environmental heritage,
especially in resource limited areas.

Supporting information

S1 Fig. Yearly changes per transect in mean fish community abundance and mean cover of
hard coral, algae, soft coral and abiotic benthos (vertical lines represent standard error).
Occurrence of one Degree Heating Month (DHM) displayed for each corresponding year.
(DOCX)

82 Fig. Negative binomial ralized linear mixed effect model fitted to the relationship
between fish community a) abundance and b) species richness and hard coral cover for cach
year separately (solid grey lines) and mean of all years (solid black line) and confidence inter-
vals of the mean (dashed black lines). Grey circles represent data points.

(DOC?

#rFig. -inflated negative binomial generalized linear mixed effect models fitted to the
mﬁonnhlp between fish families’ abundance and hard coral cover for each year separately
(solid grey lincs) and mean of all years (solid black line) and confidence intervals of the
mean (dashed black lines): A) Acanthuridae, B) Anthiinae, C) Balistidae, D) Chaetodontidae,
E) Epinephelinae, F) Holocentridae, ) Labridae, H) Lutjanidae.

(DOC)

S=Fig. Zero-inflated negative binomial generalized linear mixed effect models fitted to the
tionship between fish families’ abundance and hard coral cover for each year separately

(solid grey lines) and mean of all years (solid black line) and confidence intervals of the

mean (dashed black lines): A) Nemipteridae, B) Pomacanthidae, C) Pomacentridae, D) Pseu-

dochromidae, E) Zanclidae.

(DOCX)

S5 Fig. Statistically ﬁignlﬁcamgﬂ)-hﬂltal negative binomial generalized linear mixed effect
models for the relationship between species” abundance and hard coral cover for each year
separately (solid grey lines) and mean of all years (solid black line) with the mean confidence
intervals (dashed black lines): A) Acanthuridae, B) Anthinae, C) Balistidae, D) Chaetodontidae,
E) Labridae, F) Pomacanthidae, () Pomacentridae and H) Pseudochromidae species.

(DOCX)

PLOSONE | hitps./doi.org 101537 jounal.pone U2 1000/ January 9, 2018 11/14




‘@ PLOS i ONE Citizen science detects ecosystem change

$1 Table. Summary of zero-inflated negative binomialnenli:r.ed linear mixed

model showing the effect of hard coral cover and year on fish family abundance. The table
shows the best-selected model indicating parameter means with standard errors for fixed
eftects mean (FEM), and variance terms with standard deviation for randon?:cls variance
(REV). Hard coral cover is fixed effects and Year represents random effects. Significance
codes: """ 0.001 **** 0.01 **" 0.05.

(DOCX) _

$2 Table. Summary of zero-inflated negative binomialg;emaliud linear mhfhﬂ
model showing the effect of hard coral cover and year on fish abundance. The table shows
the best-selected model indicating parameter means with standard errors for fixed effects
(FEM), ¥4 variance terms with standard deviation for random effects (REV). Hard coral
cover is fixed effects and Year represents random effects. Significance codes: "’ 0.001 **
0.01 " 0.05.

(DOCX)

v
Acknowledgments
We would like to express our gratitude to the volunteers and all participating academics who

contributed to data collection, as well as to the various members of the local communities for
their support.

Author Contributions

Conceptualization: Adam Gouraguine, Joan Moranta, Ana Ruiz-Frau, Hilmar Hinz, Olga
Renones.

Data curation: Adam Gouraguine, Hilmar Hinz, Olga Refones.

Formal analysis: Adam Gouraguine, Hilmar Hinz, Olga Refiones.

Funding acquisition: Adam Gouraguine, Jamaluddin Jompa, David |. Smith.
Investigation: Adam Gouraguine, Joan Moranta

Methodology: Adam Gouraguine, Joan Moranta.

Project administration: Adam Gouraguine.

Software: Joan Moranta.

Supervision: Joan Moranta, Hilmar Hinz.

Writing - original draft: Adam Gouraguine, Joan Moranta, Ana Ruiz-Frau, Hilmar Hinz,
Olga Refones, Sebastian Ferse, David J. Smith.

Writing - review & editing: Adam Gouraguine, Joan Moranta, Ana Ruiz-Frau, Hilmar Hinz,
Olga Refones.

References
1. Hughes TP, Anderson KD, Connolly SR. Heron SF, Kerry JT, Lough JM, et al. Spatial and temporal pat-
terns of mass bleaching of corals in the Anthropocene. Science (80). 2018; 359: 80-83.
2. PeclGT, Araujo MB, Bell JD, Blanchard J, Bonebrake TC, Chen |, et al. Biodiversity redistribution under
climate change: Impacts on ecosystems and human well-being. Science (80). 2017,355.
3. Burke L. ReytarK, Spalding M, Perry A. Reefs at Risk. World Resource Institute; 2011.

4. Hoegh-Guidberg O. Climate change, coral bleaching and the future of the world's coral reefs. Mar
Freshw Res. 1999 50: 839-866.

PLOS ONE | https: dororg 10 137 journal.pone 0210007 January 9, 2019




@PLOS |one

Citizen science detects ecosystem change

10.

1.

12.

13.

14.

15.

16.

17.

18.

8 B 3 B BRE B B

Graham NAJ, Wilson SK, Jennings S, Polunin NVC, Robinson J, Bijoux JP, et al. Lag effects in the
impacts of mass coral bleaching on coral reel fish, lisheries, and ecosystems. Conserv Biol. 2007; 21:
1201-1300. https.//dor.org/10 1111/ 1523-1738 2007 00754 x PMID: 17883484

Roberts CM, Shepherd ARD, Ormond RFG. Large-scale variation in assemblage structure of Red Sea
butterflyfishes and angelfishes. J Biogeogr. 1992; 19: 239-250.

Chabanet P, Letourneur Y. Spatial Pattem of Size Distribution of 4 Fish Species on Reunion Coral-Reel
Flats. Hydrobiologia. 1995; 300: 299-308.

Magumran AE . Baillie SR, Buckland ST, Dick JM. Eiston DA, Scott EM. et al. Long-lerm datasets in biodi-
versity research and monitoring: Assessing change in ecological communities through time. Trends
Ecol Evol. 2010; 26: 574-582_ https ' doi org 10 1016/ tree 2010.06 016 PMID: 20656371

Borja A. Elliott M. Marine monitoring during an economu: crisis: The cure is worse lhan the dosaasa Mar
Pollut Bull. 2013; 68: 1-3. nttps dor org 10 1016/ n ul2013 01 041 PMID: 2
Mieszkowska N, Sugden H, Fith LB, Hawkins SJ. The role of sustained observations in lracking
impacts of environmental change on marine biodiversity and ecosystems. Philos Trans R Soc A. 2014;
372: 1-105.

Sweatman H, Cheal A, Coleman G. Emslie M, Johns K. Jonker M, et al. Long-term monitoring of the
Great Barrier reef. Status Repon. Townsville, Australia; 2008,

Burke L. Reytar K. Spalding M. Perry A. Reefs at Risk Revisited in the Coral Trangle. World Resource
Institute: 2012

Halford AR, Caley MJ. Towards an understanding of resilience in isolated coral reefs. Glob Chang Biol.
2009; 15: 3031-3045.

Connolly J, Bell T, Bolger T, Brophy C, Camus T, Finn JA, et al. An improved model to predict the
effects of changing biodiversity levels on ecosystem function. J Ecol. 2013; 101: 344-355.

Theobald EJ. Ettinger AK, Burgess HK, DeBey LB. Schmidt NR. Froehlich HE. et al. Global change and
local solutions: Tapping the unrealized potential of citizen science for biodiversity research. Biol Con-
serv. 2015, 181: 236-244.

Bird TJ, Bates AE, Lelcheck JS, Hill NA, Thomson RJ. Edgar GJ, et al. Statistical solutions for error and
bias in global citizen science datasets. Biol Conserv. Elsevier Lid; 2014; 173: 144-154.

Bonter DN, Cooper CB. Data validation in citizen science: A case study from Project FeederWatch
Front Ecol Environ, 2012: 10: 305-307.

Clifton J. Unsworth RRK. Smith DJ. Marine Research and Conservation in the Coral Triangle. The
Wakatobi National Park. New York: Nova Science Publishers; 2010.

English S, Wilkinson C. Baker V. Survey Manual for Tropical Marine Resources. Townsville Australian
Institute of Marine Science: 1997.

Colton DE, Alevizon WS. Diurnal variability in a fish assembiage of a Bahamian coral reet. Environ Biol
Fishes. 1981: 6: 341-345.

Glynn PW, D'Croz L. Experimental evidence for high temperature stress as the cause of El Nifo-coinci-
dent coral mortality. Coral Reefs. 1990; 8: 181-191.

Strong AE. Bamentos CS, Duda C, Sapper J. improved satellite techniques for monitonng coral reef
bleaching. Proc 8th Int Coral Reel Symp. 1997: 1495-1498.

Clarke KR, Gorley RN. PRIMER v6: User Manual'Tutorial. Plymouth Marine Laboratory. Plymouth:
PRIMER-E Ltd; 2006.

R Core Team. R: A language and environment lor statistical computing. R Found Stat Comput. 2017,

Brooks ME, Knstensen K, van Benthem KJ, Magnusson A, Berg CW. Nielsen A, et al. Modeling Zero-
Inflated Count Data With gmmTMB. bioRxiv. 2017:

Fowler AJ. Spatial and temporal patterns of distribution and abundance of chaetodontid fishes at One
Tree Reet, southern GBR. Mar Ecol Prog Ser. 1990; 64: 39-53.

Krone R, Bshary R, Paster M, Eisinger M, van Treeck P, Schuhmacher H. Defecation behaviour of the
Lined Bristletooth Surgeonfish Ctenochaetus striatus (Acanthuridae). Coral Reels. 2008; 27 619-622.
Lindahl U, Ohman MC, Schelten CK. The 1997/1998 mass mortality of corals: Effects on fish communi-
les on a Tanzanian coral reel. Mar Pollut Bull. 2001; 42: 127-131. PMID: | 1281852

Hart AM, Russ GR. Response of herbivorous fishes to crown-of-thorns starfish Acanthaster planci out-
breaks. Mar Ecol Prog Ser. 1996 136: 25-35.

Sano M. Short-term effects ol a mass coral bleaching event on a reel fish assembiage at Iriomote
Island, Japan. Fish Sci. 2004; 70: 41-46.

Russell BC. Nemipterid fishes of the world. An anndtated and iilustraled catalogue of nemipterid species
known to date. Fao Fish Synopsis. 1990: 12.

PLOS ONE | https: doi.org 10.1371

journal

pone 0210007 January 9, 2019 13/14




.@ PLOS I ONE Citizen science detects ecosystem change

32. Haapkyld J, Unsworth RKF, Seymour AS. Jessica MT, Flavell M, Willis BL, et al. Spatio-temporal coral
disease dynamics in the Wakatobi Marine National Park, South-East Sulawesi, Indonesia. Dis Aquat
Organ. 2009; 87: 105-115. https //dol org/ 10 3354/dao02160 PMID: 20095246

33.  McKinley DC, Miller-Rushing AJ, Ballard HL. Bonney R, Brown H, Cook-Patton SC, et al. Citizen sci-
ence can improve conservation science, natural resource management, and environmental protection.
Biol Conserv. 2017; 208: 15-28.

34. Pocock MJO, Tweddie JC. Savage J, Robinson LD, Roy HE. The diversity and evolution of ecological
and environmental citizen science. PLoS One. 2017;12.

35. Evans C, Abrams E, Reitsma R, Roux K, Salmonsen L, Marra PP. The Neighborhood Nestwatch pro-
gram: Participant outcomes of a citizen-science ecological research project. Conserv Biol. Wiley Society
for Conservation Biology, 2005; 19: 589-594.

36. Johnson MF, Hannah C, Acton L, Popovici R, Karanth KK, Weinthal E. Network environmentalism: Citi-
2en scientists as agents for environmental advocacy. Glob Environ Chang. 2014; 29: 235-245.

37. McGehee NG. Volunteer tourism: Evolution. issues and futures. J Sustain Tour. Taylor & Francis; 2014:
22: 847-854.

38. GrayNJ. Meeker A, Ravensbergen S. Kipp A. Faulkner J. Producing sclence and global citizenship?
Volunteer tourism and conservation in Belize. Tour Recreat Res. 2017; 42: 199-211.

39. Callanan M. Thomas S. Volunteer tourism—Deconstructing volunteer activities within a dynamic envi-
ronment. Niche Tourism: Contemporary issues, trends and cases. NovelliM. New York: Elsevier:
2005. pp. 183-200.

40. Lyons K, Hanley J. Wearing S, Neil J. Gap year volunteer tourism. Myths of Giobal Citizenship? Ann
Tour Res. Elsevier Ltd; 2012; 39: 361-378

41.  Guttentag DA, Wiley J. The Possible Negative Impacts of Volunteer Tourism. Int J Tour Res. 2009; §51:

537-5651.

Kosmala M, Wiggins A, Swanson A, Simmons B. Assessing data quality in citizen science. Front Ecol

Environ. 2016; 14: 551-560.

Edgar GJ. Stuart-Smith RD. Ecological effects of marine protected areas on rocky reef communities-A

continental-Scale analysis. Mar Ecol Prog Ser. 2009; 388 51-82.

Dickinson JL, Zuckerberg B. Bonter DN. Citizen Science as an Ecological Research Tool: Challenges

and Benelfits. Annu Rev Ecol Evol Syst. 2010;

Anderson L, Chapman J. Escontrela D, GoughC. The role of conservation volunteers in the detection,
monitonng and management of invasive alien lionfish. Manag Biol Invasions. 2017 8: 589-598.

& & & B

PLOS ONE | hitps: dororg 10137 1journal pone 0210007  January 9, 2019 14/14




gouraguine2019.pdf

ORIGINALITY REPORT

%1 Vv %9 %1 2 %9
SIMILARITY INDEX INTERNET SOURCES  PUBLICATIONS STUDENT PAPERS
PRIMARY SOURCES

Submitted to Jacksonville State Universit
d %2

Student Paper

Ciilvinittad o M nivarcity »f Toarkhnalamsy Qudinoss

WU TIILLOW VWU UiV CLE i't.j"i :.-::::-.:...nj-’.»y|!==.')i
(}/
0o

Student Paper

G

R. Karkarey, N. Kelkar, A. Savio Lobo, T. o 1
Alcoverro, R. Arthur. "Long-lived groupers °
require structurally stable reefs in the face of

repeated climate change disturbances", Coral

Reefs, 2014

Publication

Submitted to Mater Dei High School y 1
0

Student Paper

E
g B
:

eresources.uin-malang.ac.id o 1
Internet Source A)
n esajournals.onlinelibrary.wiley.com o 1
Internet Source A)
spectrum.library.concordia.ca i 1
Internet Source A)

A Gouraguine, CJ Melian, O Renones, H Hinz,



n H Baxter, L Cardona, J Moranta. "Implications of 1
using different metrics for niche analysis in 0
ecological communities", Marine Ecology
Progress Series, 2019

Publication
n Submitted to Regis University 1
Student Paper %
Submitted to Rheinische Friedrich-Wilhelms- < 1
Universitat Bonn °
Student Paper
econpapers.repec.org 1
Internet Source <%
Submitted to University of Cambridge
12 <y,
Student Paper o
mm  Amanda K. Ford, Andreas Eich, Ryan S.
<%
McAndrews. Sanon ta Mﬂnmjhhal et al.
"Evaluation of coral reef monoqompr\f
n-FFnr\hwnnnqq using pr\n\rgqhnpﬂl versus
St S . ' St S U \J-.'- H s |
rgcﬂ!gr\pp__l-\lgqu .Q+PIHQ" Ef\f\!f\r‘lr\ﬁl Ihf"‘lf\g“ﬁr(‘
coincnie-vascl melnis , cCOI0GICar inQiCalors :
2018
Publication
it 4 Espinoza, Mario, Mike Cappo, Micheilie R. < 1
%

Heupel, Andrew J. Tobin, and Coiin A.
Simpfendorfer. "Quantifying Shark Distribution
Patterns and Species-Habitat Associations:
Implications of Marine Park Zoning", PLoS ONE,



uuuuuu

FPublication

Brock J. Bergseth, Angel C. Alcala. "Partitioning
no-take marine reserve (NTMR) and benthic
habitat effects on density of small and large-
bodied tropical wrasses", PLOS ONE, 2017

Publication

a Hawis H. Madduppa Neviaty P. Zamani, <o 1

Beginer Subhan, Unggul Aktani, Sebastian C. A. /o
Ferse. "Feeding behavior and diet of the eight-
banded butterflyfish Chaetodon octofasciatus in
the Thousand Islands, Indonesia".
Environmental Biology of Fishes, 2014
Publication
researchonline.jcu.edu.au

Internet Source J <%1
Submitted to Grand Canyon Universit

. Student Paper y y <%1
figshare.com

. lngmet Source <°A)1
Submitted to essex

19 Student Paper <°A) 1
mafiadoc.com

20 Internet Source <O/O 1

Garry R. Russ, Jake R. Lowe, Justin R. Rizzari, <%1




G. Faure, R. Galzin. "Relationships between
coral reef substrata and fish", Coral Reefs, 1997

ueaeprints.uea.ac.uk
ze Internet gou;ce <% 1
www.nature.com
23 Internet Source <°A) 1
4 John P. Roccaforte, Andrew Sanchez Meador, <o 1
Amy E.M. Waltz, Monica L. Gaylord, Michael T. 7
Stoddard, David W. Huffman. "Delayed tree
mortality, bark beetle activity, and regeneration
dynamics five years following the Wallow Fire,
Arizona, USA: Assessing trajectories towards
resiliency”, Forest Ecology and Management,
2018
Publication
. www.conservation-careers.com
Internet Source <%1
www.mdpi.com
Internet Sourcel::J <°A) 1
M Adjeroud, D Augustin, R Galzin, B Salvat.
- j U ) 3\.}:& . ! (v <0A)1
Natural disturbances and interannual variability
of coral reef communities on the outer slope of
Tiahura (Moorea, French Polynesia): 1991 to
1997", Marine Ecology Progress Series, 2002
Publication
P. Chabanet, H. Ralambondrainy, M. Amanieu, <%1



B B8
o

Publication

B
——

w

N O e
H B

w

3

|

B (O BN (D
8 H

e | ]
|
|
1

doaj.or

Interngt Sou?ce <0A) 1

Robert J. Orpet, Vincent P. Jones, John P. <o 1

Reganold, David W. Crowder. "Effects of o

restricting movement between root and canopy

populations of woolly apple aphid", PLOS ONE,

2019

Publication

unesdoc.unesco.or

Internet Source g <°/0 1

everyone.plos.or

Intemc—[.tySourr:.e p g <°/0 1

www.findaphd.com

Internet Source p <°A) 1

Submitted to Manipal Universit

Student Paper p y <0AJ 1

escholarship.or

Internet Source p g <°/01
ure.uva.nl

Etemet Source <0/O 1

www icrs?2012 com

Internet Source <°A) 1

~

M. J. Emsiie, M. S. Pratchett, A. J. Cheal, K. < 1
%



Usbvornie. "Greal Barrier Reel bulleriylish
community siructure: ine roie oi sheif position
and bentinic community itype”, Corai Reefs, 2010

Publication

M. J. Emslie, M. Logan, D. M. Ceccarelli, A. J.
Cheal. A. S. Hoey, |. Miller, H. P. A. Sweatman.
"Reaqional-scale variation in the distribution and
abundance of farming damselfishes on

<%1

Australia’s Great Barrier Reef", Marine Biology,

2012

Publication

CH Tan, MS Pratchett, LK Bay, EM Graham, AH 1
. . o | L <y

Baird. "Biennium horribile: very high mortality in

the reef coral Acropora millepora on the Great

Barrier Reef in 2009 and 2010", Marine Ecology

Progress Series, 2018

Publication
academic.oup.com <o 1
Internet Source 0

repository.publisso.de <%1

Internet Source

Y ScottF. Heron, Bette L. Willis, William J.

Skirving, C. Mark Eakin, Cathie A. Page, lan R.
Miller. "Summer Hot Snaps and Winter
Conditions: Modelling White Syndrome
Outbreaks on Great Barrier Reef Corals", PLoS
ONE, 2010



44

45

Publication

Coral Health and Disease, 2004. 1
Publication <°A)
Hansen, Gretchen J. A., and Cayelan C. Carey.
"Fish and Phytoplankton Exhibit Contrasting
Temporai Species Abundance Patterns in a

Dynamic North Temperate Lake", PLoS ONE,
2015.

Publication

Hagedorn, Mary, and Virginia L. Carter.
"Seasonal Preservation Success of the Marine
Dinoflagellate Coral Symbiont, Symbiodinium
sp.", PLoS ONE, 2015.

Publication

<%1

Monique R. Myers. "Differences in benthic cover < 1
- . , %
inside and outside marine protected areas on

the Great Barrier Reef: influence of protection or
disturbance history?", Aquatic Conservation

Marine and Freshwater Ecosystems, 2009

Publication

Beatriz Martin, Alejandro Onrubia, Julio <o 1
Gonzalez-Arias, Juan A. Vicente-Virseda. °
"Citizen science for predicting spatio-temporal

patterns in seabird abundance during migration",

PLOS ONE, 2020

Publication

"y o~ N p— 2 ¥ o
~r - . . LR = l

Cabaitan, P.C.. "Effects o



al iU .\:5}!'73[“. wialll 3(;5LL)L.;I’\H!!‘L:’ Orl e suuciure Ol

|
~
14

<%1

[sn communities on degraded pPaicCri reeis
JOUTITIal O EXperimental iviarine piology ana
Ecology, £UUsU31/

g P er e SR ey, P Mg | - I S|
Cramer. Robert Y. Fidler. Louis M

'

—=
—
-
\
)]
4

<%1

FralaladaTa laccirna CrAareal D2 aAal, -~ D Tiir ~y ~ '
Penrod. Jessica Carroll Raloh G. Turinaan_ "A
asnatintemnoral comnarison of lenath-at-aae in
|

the raral reef fich Acanthiiriie niarnfiicriic

. r £
NAanAd/aanN MmMaAaring raocaoarv/oc an g"l f Ic 1”1 G‘r‘! ropftc

EXCLUDE QUOTES EXCLUDE MATCHES

EXCLUDE
BIBLIOGRAPHY




