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ABSTRACT

Microplastic (MP) pollution is a growing threat to corals, particularly those are adjacent to the
dense urban and industrial area. The current study aims to bridge a knowledge gap by
examining life-stage-dependent responses of stony corals to microplastics, with emphasis on
the early ontogenetic windows. Specifically, this work quantified the settlement, growth and
photophysiological performance of Acropora tumida under controlled exposures that

unravelled the roles of substrate conditioning and polymer identity.

Coral planulae were reared in the laboratory and assigned to four treatments: Control,
Symbiodinium (Zx; 900 000 cells L"), polystyrene (PS; 900 000 particles L") and a Mix (900
000 cells L' & 900 000 particles L™'). Treatments were applied in parallel on biofilm-
conditioned versus unconditioned ceramic tiles. In a second experiment, twelve-month-old
juveniles and field-collected adult fragments were exposed for 30 days to polypropylene (PP;
10 mg L), polyethylene terephthalate (PET; 10 mg L) or natural sediment (10 mg L™);
growth (surface area, polyp budding, buoyant weight) and photochemistry (Fo, Abs, Fv/Fm)
were tracked with imaging-PAM fluorometry. Field surveys at four sites compared

microplastics in Platygyra acuta skeletons with adjacent sediments in Mirs Bay.

The experimental findings were stage specific. Unconditioned tiles reduced larval settlement
by 74-95 % although post-settlement growth increased slightly (= 3-8 %). On conditioned
tiles, the Mix treatment suppressed settlement by 38 %, indicating that PS-altered symbiont
cues can nullify positive biofilm signals. In juveniles, PP significantly reduced tissue growth,
polyp number and photochemical efficiency, whereas PET and sediment produced negligible
effects. Adults remained mostly unaffected, with similar buoyant weight and Fv/Fm values to

controls.

Field results showed that coral skeletons incorporated microplastic concentrations up to ten
times higher than nearby sediments. The particles sizes were dominated by polyethylene
fragments (30—100 um) and reflecting stronger input from urban sources. Collectively, the
findings indicated that microplastic effects depend on both coral life stage and polymer type.

Comparing to Adults, juveniles are the more sensitive. These results highlight the need for
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reducing polymer-specific inputs and for conservation measures that prioritise the protection

of early coral life stages in coastal waters with high microplastic loads.

v



ACKNOWLEDGEMENTS

I would first like to thank my supervisor prof James Kar-Hei Fang for inviting me to join his
research group. His clear guidance and steady encouragement helped me test ideas, make

mistakes, and learn from them. His door was always open, and that made a big difference.

[ am also grateful to prof Apple Pui-Yi Chui at CUHK. She arranged lab space, equipment, and
permits when I needed them most. Her practical advice and calm support kept this project

moving forward.

My thanks go to my lab mates at PolyU. Your help with experiments, long discussions over
coffee, and good humour turned long hours in the lab into enjoyable days. I also thank my
friends at CUHK for early-morning dives and many shared laughs. These moments kept my

spirits up.

Finally, I owe my deepest thanks to my family, partner, and close friends. Your patience,
understanding, and constant belief in me gave me the strength to face every challenge. This

thesis would not exist without your love and support.



TABLE OF CONTENTS

ABSTRACT ..ccuuetuiinirertnitnitairtettnitaitattsttsstassessessessessssssesssssssssssssssssssssssassssssssssssasees /]
ACKNOWLEDGEMENTS.....cccoutuituiiitiinienitratectecacetteceessssstecssssssassssssssssesssssssassssans 1’4
TABLE OF CONTENTS ...cccuuiuuieuieniinnienienienieecenceeiesscsscesssasssscsssssssssssssssssssssssssssssssnes vi
LiSt Of FIGUIES «.vuvuiereninierereierneieiesaerecesasrecesessesssessesesessessssssssessssssossssssessssssosssasseseses IX
[T o ] o L= Xlv
Chapter T —INtrOdUCTION ........ceeeeeeeeereeeeeeererererererereresesesesesesasaseseseseasssssesesssssssasesasase 1
IR T = 7= T €= o 1 T Lo N 1
1.2 Microplastic pollution on coral larvae ......ccccceeeiieceieieiiiieiecesessecececesesassesesosesassssens 2
1.3 Microplastic pollution on juvenile and adult corals........ccccucuiiercninieiecncrcrcecesecececenes 3
1.4 Microplastics in local corals and habitats ....c.ccccceiiiiiiieiiiiiiiiiiieiieteteetecececececesesennnes 5
1.5 AiMsS and ODbjJECHIVES ...ciuiuieieiiiiiieiiiiiiiiietieieiieretecesesetsesecesesssssesecsssssssssesssessssssasess 7
Chapter 2 — Materials and MetROd..............cueeeeeeiiiiiiiiecririiercscrcrereressesesessassesesens 8

2.1 Experiment 1 - Effect of microplastics and zooxanthellae on larvae under different

substrate CONAitioNS .....cucvuiiiiiiiiiiiiiiiiiiiiiiiiriiirirecirecircetr s s e s s san e 8
2.7.71 SAMPLES COWBCTION c.eiiiiiiiit ettt et e tees e tee e eae e eaaeeasesansssannsenesssensssensnsnesssennseenns 8
2.1.2 TreatmentsS PreParation ..c..iceei e iiier it eteeete et st e et e eteeeetensetnsesnssasnssernssesnsseenssernssesnnsees 10
2.1.3 Measurements on larval settlement & SroWth ........iieeiiiiiiiiii e e e 1
2.1.4 Measurements on MICroplastiC iNGESTION c...iiiueiiiiiiiiiiiiiee et eere e eee s eraeeneaaees 12

2.2 Experiment 2 - Effect of microplastics and sediments on juvenile and adult corals .12

2.2.71 SAMPLES COWBCTION ..ttt ettt e e e e e et ettt e e e s e e e e teeaaaneeeseeeeeeanenanannss 12
2.2.2Treatments Preparalion ...ttt e s e e taee s s e taa e s e teae s e eaaae s eeees 13
2.2.3 Measurements on growth, photosynthesis and bleaching..........cccceeeiviiiiiiiiiiiiiiiiiiinniiininnne. 13
2.3 Microplastics in corals and habitats in Mirs Bay .......ccccceieieieiiiiieienenenieteceseseseeseceess 15
bARC T IS Y= [0 ] o] LT R oTo ] 11T o] d o ] o WSS U PRRN 15
2.3.2 Microplastics extraCtion PrOCEAUIE ....c.u.iiiiiiiiiiieie it e et et e etee et e eateseraeesaneeeannsennassnnnees 16
2.3.3 Microplastics identifiCAtiON .....c.cuueiiiiiieie et e et e et e e e e e e e e e e e e e e aaeeraaaees 18
2.3.4Three dimensions scanning of coral fragmMents ........ceeieuuiiiiiiiiieriiiiie et eeeee e eeeaeeeeees 19
2.4 StatiStiCAl ANALYSES c.cuiuiieieieiiiiieieieieteieteressesececeteressssssssssssssesssssssssssssssssssasssssssasssss 20
2.4.1 Statistical Framework and Model SpecCifiCation .........cciviueiiiiiiiiiiriiiiiie e eeaeeeea e 20

VI



2.4.2 Experiment-SpecCific MOdEl StrUCTUIES.....ccuiiiiiiiie ittt eee e ere e e e e eae s enaeenaaaees 21

Chapter 3 — ReSUlL.........cueueuieieiniininiaiiinieniiieieniiretesseresessesesesassssesassssesassssesessssesess 23
3.1 Larval settlement and Srowth .......ccccecieinieieiiiiiieieieiicieietesereeretecesessssesesesasassesesesess 23
3.1.1 Overview of settlement rate and Growth rate .......c...eeiiiiiiiiiiiiiii et ee e e 23
3.1.2 Bayesian Posterior MOAELUING .....ccouuuiiiiiiii ettt ettt e et e e eteae e eeeene s eeeaaaeneeeen 24
3.1.3 Bayesian Hypothesis TESTING ... ettt ettt ettt ettt e e e et e e eteaeeeeeenaeseeeanaaeanes 24
3.1.4VariancCe DECOMPOSITION .ivuiiiiiiiiiii et ete ettt eteea s e sa e et saaesenesensanssansesssenssnneens 26

BT .5 MPS INEESTION ettt ettt et b s e et seebaa et e taa e s e taaa s e et aaa s eeres 27

3.2 Growth and photosynthesis of juvenile and adult corals ........ccccceceveiieiniecenenecrenenens 28
3.2.1 Effects of MPs and sediment on the growth capability of juvenile A. tumida.........ccccccoueeennnnee. 28

3.2.2 Effects of MPs and sediment on the photochemical performance of zooxanthellae in juvenile
Y Y (00 0] (o - DO SRR PPPPPRTPURPRRPPRt 31
3.2.3 Effects of MPs and sediment on the growth capability of adult A. tumida .........cccceuueveeeennnnnene. 36

3.2.4 Effects of MPs and sediment on the photochemical performance of zooxanthellae in adult A.

L0 0] [o - PSPPSRI 38
3.3 Distribution of microplastic in habitats and coral compartments.........cccceceecececannen. 43
3.3.1 Spatial comparison of MPs in corals and habitat sediments........ccceeiveriiiiiiiiiiiiiiiie s 43
3.3.2 CharacteriStiCS OFf MPS ... ettt e e et e s e eene s e eenaeseeee 44
3.3.3 Comparison of total MPs concentrations in coral skeletons and habitat sediments................ 46

3.3.4 Comparison of polymer type composition (PE, PET, PS, PP) in coral skeletons and habitat

SEAIMENTS L.ttt ettt e ettt e ettt e e eetau s eetaaaeeetene e eetanaeeatnnasseeesnessaesnnessenennssserennnseennnnnsennen 47
3.3.5 Microplastics distribUtion iN COTals ....iuuuiiiiiiiiiii et e e e e e e e e e aa s eaa e e eaaees 50
Chapter 4 — DiSCUSSION .....c.cueueeieieieieieieieieietesesesesasesesesesasssasesssssssssssesssssssasasasssnns 52
4.1 Impacts of Microplastics on coral larvae ......cccceeeeeeieieiereiecreiececesacserececasesssesecasassens 52
4.1.1 Influence of substrate conditioning and microplastics on larval settlement.......ccc..c.cceuuuenneee. 52
4.1.2 Limited impact of microplastics on larval growth and ingestion of microplastics ................... 53

4.2 Impacts of microplastics on juvenile and adult coral........cccciieiiiieieieieiieiciiecececenens 55
4.2.1 Life-stage dependent Sensitivity t0 MICroplastiCS ...c..viiuiiiiiiiiiniiiiiiie e ee e 55
4.2.2 Different toxicity of MiCroplastiC POLYMErS ...ccuuiiiiii ittt e eee e eaa s eeaeeeeaaaees 56

4.3 Distribution of microplastics in corals and habitats in Mirs Bay .......cccccceeecieiecannnnnn. 58
4.3.1 Coral skeletons as a loNg-terM SINK ........eeiiiuuirreeiiiieeeeiieeeetieeeeeeeieeeeteaeeeeteneeeeeanasserennnseeeees 58
4.3.2 Spatial and sample-type patterns in polymer composSition .......ccceeeiiiieieiiiiiiiiiiiieeece e, 59

(07 F-7 o1 (=Y - JEN 0707 1 Lo [T L] o] s B PPP 61

VIl



Limitations and fUrther SEUdIES ...uceiiiiiiiiiiiiiiiiiiititeteteettteeeteeeetesceseesescetencesessnscnnane

Reference

Vil



List of Figures

Figure 2. 1 (a) Hard coral community in the Tung Ping Chau Marine Park, showing a high

biodiversity in the northeastern waters of Hong Kong; (b) the branching coral Acropora tumida.

Figure 2. 2 (a) Gametes of Acropora tumida collected from the Tung Ping Chau Marine Park
TOT the EXPETIIMENLS ..eecuviiiiiiiieiie ettt ettt e et e e rae e e saeeesaaeeesaeeesseeesseesnsseeesseeensneeennes 9
Figure 2. 3 Coral culture in laboratory: (a) eggs and sperm of Acropora tumida mixed and
fertilised; (b) a planula larva recently settled on a tile; (c) a coral polyp one month and (d) two
months after settlement, and (e) its development into a juvenile with multiple polyps for 12—
L 14103 111 o OO OO P PSP 9
Figure 2. 4 Images of the tile, inclusive of a scale for reference, were captured using a digital
camera (canon 200d: resolution 24.2 megapixels) in combination with a macro lens (Laowa
90mm /2.8 2x Ultra Macro APO) and a speed flash (Godox TT6851I). The settled coral larvae
are denoted by a white arrow in the TMAZE. .......ceevvieeiiiieeeiie e 11
Figure 2. 5 (a) Part of the hatchery facilities used in this project to produce coral larvae of A.
tumida for (b) the experimental setup; (¢) stereomicrograph showing planula larvae (black
arrowed), a settling larva (grey arrowed) and a settled larva (white arrowed). .........c.ccceeee. 12
Figure 2. 6 Preparation of microplastics. (a) Plastic egg carton represents a common domestic
waste of polyethylene terephthalate (PET) and (b) were cryogenically ground at —196 °C using
a Retsch CryoMill (Haan, Germany) to produce (c) plastic particles of PET for the experiments.
Likewise, microplastics of polypropylene (PP) were prepared from the same batch of
disposable PP cups using the CryoMill..........cccoeviiiiiiiiiiiiieieeeeeee e 14
Figure 2. 7 Coral fragments of A. fumida and assessed with a Maxi Imaging-PAM chlorophyll
fluorometer (Walz, Germany). Photosynthesis-related parameters were measured, including
maximum and minimum fluorescence yields (Fm and Fo, respectively, indicating the
maximum light harvesting capacity and relative amount of chlorophyll a), and maximum
quantum yield of photosystem II (Fv/Fm, representing the efficiency to process captured
photons for photosynthesis). Absorptivity (Abs), another indicator of the relative amount of
chlorophyll a, was also measured. Relative values are displayed using an identical colour scale,
which ranges from 0 (black) to 1 (purple) as shown at the bottom. Juvenile A. tumida was

assessed using the same Method. ............oooviiiiiiiiiiece e 14

IX



Figure 2. 8 QGIS map of Mirs Bay indicating the sampling sites of Platygyra acuta. Areas
shaded in grey and dark grey represent Hong Kong and Shenzhen, respectively, while blue
denotes hydrology. The locations of the four sampling sites are marked with crosses. .......... 15
Figure 2. 9 The workflow for analyzing microplastics in the laboratory using a Renishaw inVia
confocal Raman microscope (Wotton-under-Edge, UK; see Ho et al. 2022); (b) Examples of
microplastics identified from the coral and sediment samples in Part III and their Raman spectra
compared to the reference SPECIra. ... ...coeiviiriiiiiiiiiiie e 19
Figure 2. 10 (a) The University Research Facility in 3D Printing (U3DP) at The Hong Kong
Polytechnic University, where (b) fragments of P. acuta were scanned using an EinScan Pro

2X handheld 3D scanner (Shining 3D, China) to determine the tissue surface area. .............. 19

Figure 3. 1 Settlement and growth of 4. tumida larvae after 60 days. white dots = mean; lines
= median; boxes = interquartile range (IQR); whiskers = data spread; dashed vertical line =
100 %, the TefEIENCE VALUE. ....cooviiiiiiiiiiieieee ettt e e ettt e e s e e eaateeee e 23
Figure 3. 2 Bayesian GLMM Posterior estimates and credible intervals for standardized
settlement (A) and growth (B). Dots = medians; Lines = 50%, 89% and 95% CI. Dashed line
separates tile conditions. Posterior R? values indicates model explanatory power.................. 24
Figure 3. 3 Posterior estimates for standardised settlement (A) and growth (B) across
treatments and tile conditions. Density plots show effect size between treatment pairs: 1) within
conditioned tiles, ii) within unconditioned tiles, iii) across tile conditions; lines (50 %, 89 % &
95 % CI); colour (red = positive, blue = negative, grey = non-significant). Estimates are based
on standardised MOde] OULPULS. .......eeeuiiiiiiiiiiie et 26
Figure 3. 4 Variance decomposition for larval responses: Settlement rate (A) and growth rate
(B). Percentage scales show contributions from treatment, tile condition, and interactions. Dots
= medians variance proportions; bars = IQR; lines = 95% CI. Percentage scales show
contributions from treatment, tile condition, and INtETACtIONS. .......coovvvvvveeieiiiviiiiiiieieeeee e, 27
Figure 3. 5 Zooxanthellae (Zx; Symbiodinium clade CI) inoculation in larvae under different
conditions. Fluorescent micrographs show normal symbiont uptake without MPs (A) and
simultaneous incorporation of PS particles (10 um) during symbiont acquisition (B). Images
were captured using a Nikon Eclipse Ti2-E live-cell imaging system, demonstrating PS
internalization by the coral hoSt. ........c.cooiiiiiiiriiii e 27
Figure 3. 6 Morphological responses of juvenile corals to MPs exposure. Surface area (A) and
polyp count (B) are shown across treatments (Control, PP, PET, Sediment). White dots =

means; lines = median; Boxes = IQR; whiskers = data spread..........c.cccecvveviiiiniieiniininens 29



Figure 3. 7 Bayesian GLMM posterior distributions of MPs and sediment exposure on juvenile
coral growth. Standardised surface area (a) and polyp count (b) are presented for treatments
(Control, PP, PET, Sediment). Black dots = medians; lines = 50%, 89% & 95% CI; R? indicates
MOdel eXPlanatory POWET. .....ccccuiiieiieiiiie ettt ettt et e e s tee e s beeesabeeensseeenaeesnseeens 29
Figure 3. 8 Posterior estimates and hypothesis testing of juvenile coral growth under MP and
sediment exposure. Standardised surface area (A) and polyp count (B) are shown across
treatments (Control, PP, PET, Sediment). Density plots display effect sizes; lines = 50%, 89%
and 95% CI; colours (blue = negative, red = positive, grey = non-significant) indicate statistical
support. Estimates are based on standardised model outputs. ...........cccoeeveiiiiiiiiniiiiiinieee, 31
Figure 3. 9 Photochemical responses of zooxanthellae in juvenile corals following exposure to
MPs and sediment. Grey scale (A), Abs (B), Fo (C), and Fv/Fm (D) are shown across treatments
(Control, PP, PET, Sediment). Dots = means; Lines = medians; Boxes= IQR; whiskers = data
] 01 (S 16 USRS 33
Figure 3. 10 Bayesian GLMM posterior distributions and CI of photochemical performance of
juvenile corals exposed to MPs and sediment. Standardised grey scale (A), Abs (B), Fo (C),
and Fv/Fm (D) are shown across treatments (Control, PP, PET, Sediment). Dots = medians,
and lines = 50%, 89%, and 95% CI. Posterior R? values indicate model explanatory power. 34
Figure 3. 11 Posterior estimates of photochemical responses in juvenile corals exposed to MPs
and sediment. Standardised grey scale (A), Abs (B), Fo (C), and Fv/Fm (D) are shown across
treatments (Control, PP, PET, Sediment). Density plots represent the effect size between
treatments; line = 50%, 89%& 95% CI and colours (blue=negative, red=positive, grey=non-
significant) indicate statistical support. Estimates are based on standardised model outputs. 35
Figure 3. 12 Observed and modelled buoyant weight of adult corals following exposure to
MPs and sediment. (A) Boxplots show observed buoyant weights. Dots = means; lines =
medians; Boxes = IQR; whiskers = data spread. (B) Bayesian GLMM posterior distributions
and CI of standardized buoyant weight. Dots = medians, and lines = 50%, 89% & 95% CI.
Posterior R? values indicate model eXplanatory POWET.........cccveeeviieeriiieeriieeriee e eiee e 36
Figure 3. 13 Posterior estimates and hypothesis testing of adult corals growth under MPs and
sediment exposure. Density plots represent the effect size between treatments. Lines = 50%,
89% & 95% CI. colours (blue=negative, red=positive, grey=non-significant) indicate statistical
support. Estimates are based on standardised model outputs. ..........ccceecvvevieeiiieniieiienieeien, 37
Figure 3. 14 Photochemical responses of zooxanthellae in adult corals following exposure to

MPs and sediment. Grey scale (A), Abs (B), Fo (C), and Fv/Fm (D) are shown across treatments

XI



(Control, PP, PET, Sediment). Dots = means; Boxes = IQR; lines = medians; whiskers = data
] 01 (S 16 TSRS 39
Figure 3. 15 Bayesian GLMM posterior distributions and CI of photochemical responses in
zooxanthellae in adult corals following exposure to MPs and sediment. Standardised grey scale
(A), Abs (B), Fo (C), and Fv/Fm (D) are shown across treatments (Control, PP, PET, Sediment).
Dots = medians, and lines = 50%, 89% & 95% CI. Posterior R? values indicate model
EXPIANATOTY POWET. ...ttt ettt ettt ettt ettt ettt eb e e sb et satesbeebeebeesbeesbeeaeesbeenneennens 40
Figure 3. 16 Posterior estimates and hypothesis testing of photochemical responses in
zooxanthellae in adult corals under MPs and sediment exposure. Standardised grey scale (A),
Abs (B), Fo (C), and Fv/Fm (D) are shown across treatments (Control, PP, PET, Sediment).
Density plots represent the effect size between treatments. Lines = 50%, 89% & 95% Cls and
colours (blue=negative, red=positive, grey=non-significant) indicate statistical support.
Estimates are based on standardised model outputs. .........c.cccviieeiiiieeiieecie e 42
Figure 3. 17 QGIS maps of Mirs Bay showing the spatial distribution of MP concentrations in
(A) sediments, (B) coral tissue, and (C) skeletons across four P. acuta habitats. Warmer colours
(orange) indicate higher concentrations, while cooler colours (blue) represent lower
COMCEIIETALIONIS. .. .teeueieeutietteeutteette et e et e eteeeabe e bt e eabe e aeesabeesaeeeabeeeaeeeabeesaseenbeaesbeeseesabeenseeenseaseas 43
Figure 3. 18 Distribution and characteristics of MPs (MPs) across sampling sites. (A)
Percentage of MPs by size class; (B) Percentage of polymer types; (C) Percentage of colours;
(D) Percentage of particle Shapes. ........ccceeeciiiriieiieiieeiece e 45
Figure 3. 19 Observed and modelled total MPs concentrations across sites and tissue types.
(A) Boxplots show observed MPs concentrations (items cm). Dots = means, lines = medians,
boxes = IQR, whiskers = data spread. (B) Bayesian GLMM posterior distributions and CI of
standardized total MPs concentrations. Dots = medians, and lines = 50%, 89% & 95% CI.
Posterior R? values indicate model eXplanatory POWET.........cccvieeviieeriiieeeiie e eeiee e 46
Figure 3. 20 Posterior estimates and hypothesis testing of standardised MPs concentrations
across sites and tissue types. Density plots represent the effect size between pairs: 1) sites within
coral skeletons, ii) sites within sediments, iii) skeletons vs sediments within same site. Lines =
50%, 89% & 95%CI. Colours (blue=negative, red=positive, grey=non-significant) indicate
statistical support. Estimates are based on standardised model outputs. .........cccccceveiieniennnns 47
Figure 3. 21 Polymer-specific MPs concentrations in coral skeletons and habitat sediments.
Boxplots show concentrations of PE (A), PET (B), PP (C), and PS (D) across sites (CI, DI, PI,
and TPC). Dots = means, boxes = IQR, lines = medians, whiskers = data spread. Coral

skeletons are shown in the upper shaded panels and sediments in the lower panels............... 48

XII



Figure 3. 22 Bayesian GLMM posterior distributions and CI of polymer-specific MPs
concentrations in coral skeletons and habitat sediments. Standardised logit-scale
concentrations of PE (A), PET (B), PP (C), and PS (D) are shown across sites (CI, DI, PI, and
TPC). Dots = medians, and lines = 50%, 89% % 95% CI. Posterior R* values indicate model
explanatory power. Coral skeletons are shown in the upper shaded panels and sediments in the
JOWET PANCIS. ..eviieiiiieciie ettt e e et e et e e st eeesasee e sbeeesbeeesaseeesseesnsseesnseesnnseenns 49
Figure 3. 23 Posterior estimates and hypothesis testing of polymer-specific MPs
concentrations in coral skeletons and habitat sediments. Standardised logit-scale
concentrations of PE (A), PET (B), PP (C), and PS (D) are shown across sites (CI, DI, PI, and
TPC). Density plots represent the effect size between pairs: 1) sites within coral skeletons, ii)
sites within sediments, iii) skeletons vs sediments within same site. Lines = 50%, 89% & 95%
CI; colours (blue = negative, red = positive, grey = non-significant) indicate statistical support.
Estimates are based on standardised model outputs. .........c.cccviieeiiiieeiieecie e 50
Figure 3. 24 Comparison of MPs distribution in coral tissues and skeletons, standardised by

tissue area (160.4 cm?) and skeleton volume (115.8 cm?), respectively.......cccveeveiieeeieeeennennns 51

X1



List of Tables

Table 3. 1 Summary of Bayesian model estimates for juvenile A. fumida growth capability
relative to control group. The table shows the 89% and 95% CI, percentage of the posterior
distribution within the Region of Practical Equivalence (ROPE; +0.1), and the probability of

direction (PD). Lower ROPE and higher PD values suggest more meaningful treatment effects.

Table 3. 2 Summary of Bayesian model estimates for the photochemical performance of
zooxanthellae in juvenile 4. tumida relative to control group. The table shows the 89% and
95% CI, percentage of the posterior distribution within the Region of Practical Equivalence
(ROPE; #0.1), and the probability of direction (PD). Lower ROPE and higher PD values
suggest more meaningful treatment effects. .........coocveveiiiiiiiiiiiiii e 35
Table 3. 3 Summary of Bayesian model estimates for adult 4. tumida growth capability
(buoyant weight) relative to control group. The table shows the 89% and 95% CI, percentage
of the posterior distribution within the Region of Practical Equivalence (ROPE; £0.1), and the
probability of direction (PD). Lower ROPE and higher PD values suggest more meaningful
trEATMENT ETTECTS. ...eintiiitieie ettt ettt 37
Table 3. 4 Summary of Bayesian model estimates for the photochemical performance of
zooxanthellae in adult A. tumida relative to control group. The table shows the 89% and 95%
CI, percentage of the posterior distribution within the Region of Practical Equivalence (ROPE;
+0.1), and the probability of direction (PD). Lower ROPE and higher PD values suggest more

meaningful treatment €ffeCctS. .........cooviiiiiiiiii e 41

XIvV



Chapter 1 — Introduction

1.1 Background

Plastics have become indispensable in modern daily life, with global annual production
exceeding 360 million tones and continuing to rise ("Plastics Europe," 2021). These synthetic
polymers are as a byproduct of petroleum and characterized by their chemical diversity,
inertness, and durability. As invented in the 19th century, plastics gain popularity due to their
versatility and cost-effectiveness. Due to the excellent durability and plasticity, plastic usage
surge and was once considered as an environmentally friendly alternative to wood. Fo example,

the inventor of the plastic bag intended to replace paper bags.

However, public perception has shifted as severe environmental issues are caused by increasing
plastic consumption and inadequate waste management. One of the concerns is marine plastic
pollution. By estimation, over five trillion pieces of plastic debris are floating in the sea and
thus number may be doubled by 2025 (Eriksen et al., 2014; Jambeck et al., 2015). Plastic debris
within the size range of 1-5000 um is classified as microplastics. These small particles enter
the marine environment through direct sewage discharge (Bashir et al., 2021; Liu et al., 2021;
Mak et al., 2020) and indirectly the fragmentation of larger plastic items, broken down by

photochemical oxidation, wave action and other degradation mechanisms (Zhang et al., 2021).

Microplastics have become ubiquitous globally. They are detected in remote environments,
including the Tibetan Plateau at 4000 meters above sea level (Liang et al., 2022), the Canadian
Arctic Ocean at depths of 1000 meters (Ross et al., 2021), and even within the human body
(Ho et al, 2022). Environmental records show a dramatic increase in microplastic
concentrations worldwide, up to a two-order-of-magnitude increase in the Pacific Ocean
(Brandon et al., 2019; Goldstein et al., 2012; Lavers & Bond, 2017). The extent of this
contamination suggests that marine organisms are experiencing a wide range of exposure

scenarios.

Given the global scale and pervasive nature of microplastic pollution, understanding its

ecological implications are crucial, especially for marine ecosystems where threaten by



microplastics but not yet fully understood. Coral habitats, recognized as one of the most diverse
and valuable marine ecosystems, are threaten by increasing stresses from microplastics.
However, detailed studies on impacts of local coral remain mostly unknown, creating a
knowledge gap. It is essential to explore how microplastics interact with corals and their

symbiotic relationships, which determines the health and productivity of coral communities.

Among marine organisms, scleractinian corals are particularly vulnerable to microplastics
(MPs) due to their suspension-feeding mechanisms and dependence on symbiotic relationships.
These benthic organisms help maintaining reef ecosystem stability. Any disruption to their
health can significantly affect overall reef productivity and resilience (Pantos, 2022). Recent
research indicates that ingestion of MPs by corals can reduce feeding efficiency, trigger
inflammation, induce oxidative stress, and interfere some crucial physiological processes (Tang
et al.,, 2024). In addition, MPs may disrupt the symbiotic relationship between corals and
zooxanthellae (Symbiodinium spp.), which support growth and survival of corals (Okubo et al.,

2018). To better understand these impacts, in-depth studies is necessary.

1.2 Microplastic Pollution on Coral Larvae

Microplastics (MPs), originating from terrestrial sources, threatens coastal coral habitats more
compared to offshore ecosystems (Huang et al., 2021). Hard corals, also known as Scleractinia,
are particularly susceptible due to their inability to differentiate MPs from natural food particles
(Hall et al., 2015). Ingestion rates of MPs by corals have been reported to be ten times higher
than those of sand particles, potentially due to the presence of phagostimulants in microplastics
that promote ingestion (Allen et al., 2017). While some MPs are expelled, others may persist
within the coral gastrovascular cavity, resulting in oxidative stress, physical obstruction, and

reduced feeding efficiency (Pantos, 2022; Soares et al., 2020).

Corals of early life stages are particularly susceptible to stress owing to their immature
development and smaller biomass (Jiang et al., 2017; Liu et al., 2020). Corals utilize both
passive (mucus secretion) and active (ciliary currents and tentacles) mechanisms for feeding
(Sebens et al., 1998). However, presence of phagostimulants on microplastics can cause

inability to distinguish MPs from edible particles and thus ingestion (Allen et al., 2017). The



resulted adverse impacts include gastrovascular blockage, reduced feeding, elevated metabolic
demands for egestion, bleaching and necrosis (Lanctot et al., 2020; Pantos, 2022; Savinelli et
al., 2020; Soares et al., 2020; Syakti et al., 2019). Accordingly, this study quantifies MP
ingestion rates in larval Acropora tumida, which is fast growing and important to reef accretion

(Mercado-Molina et al., 2020).

Another essential early life stage process is larval settlement, which relies heavily on chemical
cues emitted by reef substrates. Previous studies have demonstrated that sediment deposition
can suppress settlement or smother newly settled larvae (Babcock & Davies, 1991; Babcock &
Mundy, 1996). The effect is exacerbated by benthic algae which reduced water flow and
promoted the accumulation of sediments (Howlett, 1995). Similar mechanisms may apply to
suspended microplastics, which may obstruct larval-substrate interactions and delay or prevent
successful settlement. Therefore, the current study assessed larval settlement on two types of
substrates: conditioned (with natural biofilm colonization) and unconditioned (biofilm-free).

The acquisition of zooxanthellae is critical during early development, as these symbionts can
support energy requirements by supplying carbohydrates and proteins and aiding in waste
removal. Studies show about 70% of photosynthesis fixed carbon is translocated from
symbiont to host (Gaither & Rowan, 2010), and up to 95% energy requirement of host can be
met by symbiosis (Falkowski et al., 1993). Rapid post-settlement growth is vital for larvae to
outcompete other competitors. Aposymbiotic larvae, lacking zooxanthellae, exhibit slower
growth and reduced survival potential (Harii et al., 2010). Microplastics may not only induce
oxidative stress in corals but also disrupt the symbiosis process (Chen et al., 2022; Okubo et
al., 2018). Successful larval settlement and symbiont acquisition are therefore essential for
early coral development and resilience. To evaluate this, experiment should be carried out to

study the impacts of microplastics on larval settlement and growth.

1.3 Microplastic Pollution on Juvenile and Adult Corals

Understanding the potential impacts of microplastics on coral recruits and adults is essential,
given their important roles in coral ecosystems. Coral recruits represent the transitional stage
from larvae to adult. Their successful development determines long-term resilience of coral
communities. Adult corals, on the other hand, provide the seabed structure and ecological

function through growth and reproduction. Investigating the impacts of microplastics on two



life stages provides valuable insights into coral sustainability under increasing microplastic

pollution.

Previous studies indicate microplastics can influence coral growth through energy allocation
disruption and physical interference. Adult corals mistakenly ingest MPs due to presence of
phagostimulant on the surface of microplastics, particularly biofouled particles (Allen et al.,
2017). Energy expended in mucus production and ciliary action to remove ingested plastics
directly compromises energy availability for calcification and growth processes (Reichert et
al., 2019; Rotjan et al., 2019). The potential impacts on the growth of coral recruits could be
more severe. Juveniles, with minimal tissue reserves and fragile structures, may be more
vulnerable. Growth suppression may occur due to continuous mucus shedding and reduced
feeding efficiency induced by microplastics adherence and ingestion (Axworthy & Padilla-
Gamino, 2019; Berry et al., 2019). The recruit survivability can directly influence population
recovery so understanding growth impacts at this sensitive life stage is urgent. However, the
extent of these mechanisms affects coral recruits, compared to adults, remains understudied

and requires investigation.

Coloration changes, related to compromised symbiotic relationships, are indicators of stress
induced by microplastics. The colour of corals relies on the density and health of zooxanthellae.
Microplastics exposure may induce stress through shading and physical irritation, causing
zooxanthellae loss and bleaching. Studies document rapid and significant bleaching in
Acropora formosa following short-term exposure to microplastics, particularly smaller
particles that easily adhere to coral tissues (Syakti et al., 2019). Juvenile corals, given their
smaller size and limited symbiont reservoirs, may experience higher susceptibility to such
stress-induced bleaching events. Given the dependence of recruits on symbiotic relationships
for energy acquisition, bleaching can directly limit their growth potential and survival rates
(Berry et al., 2019). Apart from loss of zooxanthellae, photosynthetic efficiency is also crucial
for coral survival and growth. Microplastics deposited on coral surfaces reduce available light
for photosynthesis while particle ingestion and internal stress mechanisms further degrade
photosynthetic performance. Some studies suggest photochemical efficiency is reduced in
coral symbionts exposed to microplastics (Lanctot et al., 2020; Reichert et al., 2019). However,
whether coral recruits respond differently from adults remains inadequately explored. For coral
recruits, impaired photosynthesis could critically limit energy availability, given their limited

capacity for heterotrophic feeding at this stage. However, comparing these impacts across coral



life stages is still relatively scarce, highlighting a possible knowledge gap. Therefore, the
current study aims to investigate and compare microplastics impacts on coral recruits and
adults, focusing on key physiological metrics: growth, coloration changes, and photosynthetic

efficiency.

1.4 Microplastics in Local Corals and Habitats

Hong Kong is a densely populated and industrialized coastal city and locates at the mouth of
the Pearl River Delta. It faces substantial marine debris challenges. Previous studies have
documented widespread microplastic (MP) pollution in local waters and beaches (Lo et al.,
2018; Tsang et al., 2017), with Tolo Harbor ranking among the most contaminated sites
worldwide (Leung et al., 2021). Although these studies have addressed MP pollution in urban

coastal environments, little is known about the occurrence of MP within coral habitats.

Mirs Bay, on the eastern coast of Hong Kong, is one of the most important local coral habitats.
The Bay is relatively distant from the major pollution hotspot, Pearl River Delta.
Contamination in the Bay is primarily influenced by local sources (Morton, 1994). Potential
sources of microplastics in Mirs Bay include local terrestrial runoff and shipping activity,
particularly near the Yantian International Container Terminal (Bashir et al., 2021; Cho et al.,
2023). Importantly, these pressures are adjacent to Yan Chau Tong and Tung Ping Chau Marine
Parks, which served as the study sites. These parks represent ecologically valuable and legally
protected areas, and thus priority locations for assessing MP contamination. Investigating MPs
in such refuges provides critical insights into pollution risks within habitats designated for coral

conservation.

Despite their ecological importance, few studies in Hong Kong have examine MP
contamination in both corals and their surrounding environment. The most related study
surveyed sediment microplastics in local coral habitats (Cheang et al., 2018). No study has
examined MPs within coral in this area. Understanding how microplastics distribute across
coral body compartments helps to evaluate the partition of MPs in soft tissues and skeleton.
These body parts may incorporate MPs through different pathways and results different mode
of accumulation. Particles once locked in skeleton may serve as a long-term sink (Reichert et

al., 2022). However, the extent of microplastic incorporated compared to nearby environment



remains mostly unknown. To address this gap, the present study investigates the abundance

and polymer composition of microplastics in paired samples of corals and adjacent sediments.

A key barrier to progress is methodological. MPs embedded in coral skeletons or entangled in
soft tissues are difficult to extract without damaging polymers. Conventional protocols rely on
density separation or chemical digestion to remove organic and mineral fractions. While NaCl
based flotation is inexpensive, it recovers only low-density polymers. Denser solutions such as
ZnCl: or Nal provide broader polymer recovery but may be less accessible (Leung et al., 2021;
Lo et al., 2018; Rani et al., 2023; Tsang et al., 2017). Similarly, digestion methods differ in
effectiveness: alkaline and oxidative treatments efficiently clear organic matter, whereas acid-
based methods are needed for calcareous skeletons but risk degrading sensitive polymers (Cole
etal., 2014; Malik et al., 2022). Comparing and adapting these techniques is therefore essential

for accurate MP recovery from different coral compartments.

Polymer identification also presents challenges. Earlier coral research often relied on Fourier
Transform Infrared (FTIR) spectroscopy or visual identification. However, these methods are
time-consuming and complex in sample preparation, involving manual picking and inspection
of small particles (Brandt et al., 2020; Huang et al., 2023). In contrast, Raman spectroscopy
with automated mapping has emerged as a powerful alternative. This technique allows direct
particle scanning on filters, improved resolution for small fragments, and reduced handling

€1Tor.

Finally, standardizing MP abundance to coral size is critical for ecological comparisons.
Traditional approaches such as water displacement for volume or wax dipping for surface area
suffer from low precision and practical limitations with irregular coral shapes (Herler &
Dirnwober, 2011; Veal et al., 2010). For example, wax dipping, used for surface area
estimation, can vary in accuracy (14%—-26%). Other methods, such as 2D camera imaging for
surface area estimation may fail with complex coral shapes due to the lack of depth information
(Chandler et al., 2024). In contrast, 3D scanning offers high accuracy and precision (< 2%) for
volume measurements (Reichert et al., 2016). It is a non-invasive, reproducible and consistent

method for live coral studies.

Together, these considerations highlight the need for integrative protocols that combine reliable

extraction, robust polymer identification, and accurate standardization. To address this gap, the



current study investigates the abundance and polymer composition of MPs in paired samples
of corals and adjacent sediments from Mirs Bay. The current study applies methodological

advances to improve detection and comparability across coral body compartments.

1.5 Aims and Objectives

The aim of this thesis is to investigate the interaction of microplastics (MPs) and scleractinia
across different life stages. This research includes laboratory experiments and field study to
explore the effects of microplastics on coral health and function. Specifically, the study
examines the growth, ingestion and settlement of 4. tumida larvae under the microplastic
exposure. The effects on growth, coloration, and photosynthetic efficiency in juvenile and adult
corals are also addressed. In addition, tailor made protocols were designed to extract and
analyse MPs from soft tissues and skeletons of corals and sediments. The analysis enables a
more accurate assessment of microplastics incorporation within different body compartments.
This approach is applied in a field study conducted in Mirs Bay, Hong Kong, where the
abundance, distribution, and polymer composition of microplastics are quantified in P. acuta
and surrounding sediments. Collectively, these findings provide insights that are relevant for
environmental monitoring, coral management, and contaminant mitigation efforts in marine

ecosystems.

This thesis is structured into four chapters, each addressing different aspects of microplastic
(MP) pollution and its impacts to coral communities. Chapter 1 provides an overview of global
microplastic pollution and its impact on coral, including the MPs sources, distribution, and
ecological implications. Chapter 2 details the experimental and analytical methods used
throughout the study includes laboratory exposures on 4. tumida larvae, recruits, and adults to
various microplastic types (e.g., polystyrene, polypropylene, PET, and sediments) and field
study of P. acuta in Mirs Bay. Chapter 3 presents the results of both laboratory and field
experiments. These include microplastic ingestion, settlement patterns and growth in larvae;
growth, coloration, and photosynthetic efficiency in juveniles and adults; and microplastics
distribution in coral tissues, skeletons, and surrounding sediments. Chapter 4 discusses the
findings regarding to coral life-stage sensitivity to microplastic exposure, potential

accumulation and broader environmental implications.



Chapter 2 — Materials and Methods

2.1 Larval Responses to Microplastics and Zooxanthellae under Different

Substrate Conditions

2.1.1 Samples collection

The coral larvae were collected by scuba divers and cultured in Simon F.S. Li Marine Science
Laboratory for experimental use. The larvae of branching coral Acropora tumida (Fig. 1b) were
served as the test species in this study since they are the major broadcast-spawning corals in
Hong Kong and were available for collection during the study period. Its rapid growth and
successful acquisition of Symbiodinium (zooxanthellae) during early life stages are critical for

securing energy and enhancing resilience in competitive environments (Terrell et al., 2023).

Gametes of A. tumida were collected by scuba diving from the Tung Ping Chau Marine Park,
Hong Kong (Fig. 2.1), during the spawning season in summer 2021. Collected gametes were
transported to the laboratory and maintained in glass tanks with filtered natural seawater. In-
vitro fertilisation and rearing of corals were performed under laboratory conditions (Chui &
Ang, 2015; Chui & Ang, 2017; Chui et al., 2014). In brief, eggs and sperm were mixed for
fertilisation (Fig. 2.3 a). Fertilised eggs developed into planula larvae were induced to settle on
ceramic tiles (Fig. 2.3 b, 2.4 a). Symbiodinium (clade C1) was water-piked from local corals
(Ng & Ang, 2016) and supplied to settling larvae to initiate symbiosis. The sample collection
in the Tung Ping Chau Marine Park was carried out with the permission of the Agriculture,
Fisheries and Conservation Department, the Government of Hong Kong SAR (permit number:

51 in AF MPD 09/3 Pt.24).



Figure 2. 1 (a) Hard coral community in the Tung Ping Chau Marine Park, showing a high
biodiversity in the northeastern waters of Hong Kong; (b) the branching coral Acropora tumida
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Figure 2. 2 (a) Gametes of Acropora tumida collected from the Tung Ping Chau Marine Park
for the experiments

Figure 2. 3 Coral culture in laboratory: (a) eggs and sperm of Acropora tumida mixed and
fertilised; (b) a planula larva recently settled on a tile; (¢) a coral polyp one month and (d) two

months after settlement, and (e) its development into a juvenile with multiple polyps for 12—
14 months.



2.1.2 Treatments preparation

Four treatments were established: control, Zx (900,000 cells L"), PS (900,000 particles L"),
and Mix (900,000 cells L' + 900,000 particles L'). The Zx treatment consisted of
Symbiodinium clade C1 extracted from A. tumida, A. pruinosa, A. valida or P. acuta using the
water-pik method (Ng & Ang, 2016), with a random fragment selected for each dosing event..
Extracted Zx (mean diameter =~ 10 pm) was maintained in f/2 medium using a 12:12 light-dark
cycle at 150 pmol photons m s°! during the light period, until being used in the experiment.
To mimic the size, shape and natural buoyancy of Zx, micro-spherical polystyrene (10um,
Fluoresbrite YG) was used as a test model (mean diameter = 10 um; density = 1.04—-1.09 g cm
3). The PS particles were fluorescent (absorption at 441 nm; emission at 486 nm) to facilitate

microscopic observation.

The four treatments were with three replicates each, and each replicate contained 100 coral
larvae. Larvae were pipetted and counted manually using a tally counter. The control treatment
contained no Zx or PS. The Zx treatment represented the natural exposure group, in which Zx
and coral larvae could form symbiosis. The other two treatments assessed the larval responses
to PS in the presence or absence of Zx. In all treatments, 150ul homogenised brine shrimp
(Artemia) was added on day 0 to stimulate the feeding response of coral larvae and facilitate
the Zx acquisition (Harii et al., 2009; Schwarz et al., 1999). Each replicate tank contained one
litre of filtered seawater at 35 %o salinity, with water movement maintained by aeration of
filtered air (0.45um) (Fig. 2.5 b). The treatment media, Artemia and filtered seawater were

renewed every 6 days carefully to avoid loss of larvae.

Artificial substrates were used to induce larval settlement. Ceramic tiles (Fang et al., 2018),
were pre-conditioned for a month in Tung Ping Chau Marine Park (TPCMP) to allow
colonization of natural biofilm and crustose coralline algae (Fig. 2.4), which are known to
facilitate coral settlement (Petersen et al., 2004). Each tank was evenly floored with eight
conditioned ceramic tiles and eight unconditioned tiles in a 4 % 4 checkered patterns. The
unconditioned tiles were lack of biofilm. The experiment lasted 60 days in a shade shed at
25.07 £2.64 °C (mean = SD), maintained by a chiller set to 25 °C, under a natural light-dark
cycle, with a light level of approximately 150 pmol photons m s™! during the light period.
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2.1.3 Measurements on larval settlement & growth

The settlement numbers of larvae on both conditioned and unconditioned tiles were
documented on day 0 and day 60, with measurements of tissue area changes conducted under
a digital camera, following methodologies similar to those outlined in previous research
(Naumann et al., 2009). Image capture was facilitated by a digital camera (Canon 200d: 24.2
megapixels resolution) in combination with a macro lens (Laowa 90mm {/2.8 2x Ultra Macro
APO) and a speed flash (Godox TT6851II). Each image was captured vertically, with tiles fully
submerged in filtered seawater and a scale in proximity for accurate image scaling. Subsequent
image processing occurred with Imagel] software (v1.53t). Calibration of photo scale was
achieved utilizing the straight line tool and Set scale function, converting into pixel dimensions.
The polygon tool was employed at a 100% zoom level to outline the perimeter of each larva.
The measure function within the software was then used to calculate the surface area (mm?) of

the coral larvae based on the encircled area.

A
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Figure 2. 4 Images of the tile, inclusive of a scale for reference, were captured using a digital
camera (canon 200d: resolution 24.2 megapixels) in combination with a macro lens (Laowa
90mm /2.8 2x Ultra Macro APO) and a speed flash (Godox TT6851I). The settled coral larvae

are denoted by a white arrow in the image.
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2.1.4 Measurements on microplastic ingestion

The settled larvae were fixed by formaldehyde solution (4%) and stored in PBS (1x, pH 7.4)
at four degrees Celsius. Samples were later observed for microplastic ingestion under Eclipse
Ti2-E live-cell imaging system (Nikon, Japan). Under the microscope, the larval samples were
excited at 385nm laser and observed through multiband filter set (DAPI/FITC/TRITC/Cy5).
The fluorescence of coral tissue, zooxanthellae and fluorescent PS particles could be
distinguished through the fluorescence microscope. Ingested microplastics by A. fumida, if any,

located within the coral gastrovascular cavity were recorded.

Figure 2. 5 (a) Part of the hatchery facilities used in this project to produce coral larvae of A.
tumida for (b) the experimental setup; (c) stereomicrograph showing planula larvae (black
arrowed), a settling larva (grey arrowed) and a settled larva (white arrowed).

2.2 Juvenile and Adult Coral Responses to Microplastics and Sediments

2.2.1 Samples collection

The A. tumida larvae were collected by scuba divers and cultured in Simon F.S. Li Marine
Science Laboratory for 12 months until experiment use. The recruit of branching coral
Acropora tumida were served as the test species since they are the major broadcast-spawning
corals in Hong Kong and were available for collection during the study period. Fragments of
adult 4. tumida collected from the field (about 40 mm height; Fig. 2.7). The juvenile and adult
of A. tumida were served as the test species in this study since they are the major broadcast-

spawning corals in Hong Kong and were available for collection during the study period.
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2.2.2 Treatments preparation

Two types of microplastics were tested, including naturally buoyant polypropylene (PP; density
=0.85-0.92 g cm™) and negatively buoyant polyethylene terephthalate (PET; density = 1.16—
1.41 g cm™), both of which are common in Hong Kong waters (Leung et al., 2021; Lo et al.,
2018). Microplastics of PP and PET were produced from domestic plastic products with a
Retsch CryoMill (Haan, Germany; see Fig. 2.6). Natural sediment used in the experiment was
collected from the Tung Ping Chau Marine Park and subsequently heated in an oven at 500 °C
for one hour to eliminate potential environmental microplastics, before being dried (Fig. 2.2

a). The particles of PP, PET and sediment were sieved to a size range of 50—106 um.

The experiments comprised four treatments, namely control treatment, PP treatment (10 mg L-
1, PET treatment (10 mg L!), and sediment treatment (10 mg L"), for juvenile 4. tumida with
15 replicates distributed in 3 tanks (1 L) per treatment, and for adult 4. tumida with 15
replicates distributed in 5 tanks (1 L) per treatment. The control treatment contained no dosed
particles. The other three treatments tested the effects of PP, PET and sediment particles on A.
tumida. Each replicate tank contained 1 L of filtered seawater at 35 %o salinity, of which flow
was maintained by aeration. A 150ul of homogenised Artemia was added in each treatment on
day 0. The experiment lasted 30 days in a shade shed at 25.98 + 2.00 °C (mean + SD),
maintained by a chiller set to 25 °C, under a natural light-dark cycle, at about 150 pmol photons

m2 7! during the light period. The treatment media and Artemia were renewed every 3 days.

2.2.3 Measurements on growth, photosynthesis and bleaching

At the start and end of the exposure experiment, the samples of juvenile and adult 4. tumida
were assessed with a Maxi Imaging-PAM chlorophyll fluorometer (Walz, Germany) to
determine three photosynthesis-related parameters of zooxanthellae within the coral tissue,
namely the minimum fluorescence yield (Fo), absorptivity (Abs) and maximum quantum yield
of photosystem II (Fv/Fm, described in Fig. 2.7). Growth of juvenile A. tumida was reflected
on the size change in tissue area measured under a stereomicroscope with the ImagelJ software
(Schneider et al., 2012). Growth of adult A. fumida was indicated by the change in buoyant
weight following the method of Fang et al. (2013). Bleaching of juvenile and adult corals were
monitored by grey scale photos taken by a stereomicroscope and a digital camera and analysed

by Image].
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PET egg carton Cryogenic grinding

Figure 2. 6 Preparation of microplastics. (a) Plastic egg carton represents a common domestic
waste of polyethylene terephthalate (PET) and (b) were cryogenically ground at —196 °C using
a Retsch CryoMill (Haan, Germany) to produce (c) plastic particles of PET for the experiments.
Likewise, microplastics of polypropylene (PP) were prepared from the same batch of
disposable PP cups using the CryoMill.

Figure 2. 7 Coral fragments of 4. tumida and assessed with a Maxi Imaging-PAM chlorophyll
fluorometer (Walz, Germany). Photosynthesis-related parameters were measured, including
maximum and minimum fluorescence yields (Fm and Fo, respectively, indicating the
maximum light harvesting capacity and relative amount of chlorophyll a), and maximum
quantum yield of photosystem II (Fv/Fm, representing the efficiency to process captured
photons for photosynthesis). Absorptivity (Abs), another indicator of the relative amount of
chlorophyll a, was also measured. Relative values are displayed using an identical colour scale,
which ranges from 0 (black) to 1 (purple) as shown at the bottom. Juvenile A. tumida was
assessed using the same method.
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2.3 Microplastics in Corals and Habitats in Mirs Bay

2.3.1 Samples collection

X Sampling points

B Hong Kong basemap copy
I ShenZhen Basemap

I8 HK Hydrology

Figure 2. 8 QGIS map of Mirs Bay indicating the sampling sites of Platygyra acuta. Areas
shaded in grey and dark grey represent Hong Kong and Shenzhen, respectively, while blue
denotes hydrology. The locations of the four sampling sites are marked with crosses.

Samples were collected from Crooked Island (CI), Double Island (DI), Port Island (PI), and
Tung Ping Chau Marine Park (TPC) in Mirs Bay. CI, DI, and PI are situated in the west,
surrounded by densely populated residential areas, while TPC is in the east, characterized by
sparsely populated rural regions. CI, DI, and PI are affected by the development of East Hong
Kong and South Shenzhen, where construction and human activities are ongoing. Additionally,
CI and DI are proximate to the Yantian International Container Terminal. TPC, however, is
farther from Hong Kong and adjacent to the rural lands of Shenzhen, implying lower pollution

levels.

Samples, including coral fragments and adjacent sediments, were collected from these sites.
All samples were retrieved by scuba divers using 12 cm x 5 cm X 10 cm fish tanks with covers
that had been washed with 1% nitric acid. Collected samples were then stored at the Simon

F.S. Li Marine Science Laboratory and the Hong Kong Polytechnic University for experimental
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use. The collected coral species, Platygyra acuta (Fig. 2.1 a), served as the test species in this
study, as it is one of the major broadcast-spawning corals in Hong Kong and was available for
collection during the study period. This species is a dominant, aggressive and more

heterotrophic coral species in Hong Kong reef communities (Tsang & Ang, 2019).

Pairs of P. acuta fragments and adjacent sediments were collected between 2020 and 2021 from
Crooked Island and Double Island in March (spring season), Port Island in January (winter
season), and Tung Ping Chau Marine Park in September (summer season). All samples were
collected by scuba divers using 12 cm x 5 cm x 10 cm fish tanks with covers that had been
washed with 1% nitric acid. During each collection, five coral samples were placed in zip bags
and stored on ice baths, while five sediment samples were wrapped in aluminium foil. Samples
were then transported to the laboratory and stored in a —20 °C freezer at the Simon F.S. Li
Marine Science Laboratory, and later at the Hong Kong Polytechnic University, for
experimental use. The collected coral fragments were "corals of opportunity," dislodged coral
fragments that would not have survived otherwise. Sample collection in the Tung Ping Chau
Marine Park was conducted with permission from the Agriculture, Fisheries and Conservation

Department, Government of the Hong Kong SAR (permit number: 51 in AF MPD 09/3 Pt.24).

2.3.2 Microplastics extraction procedure

Sediment digestion protocol

Each sample of dried sediment (500 g) was mixed with one litre of sodium iodide solution
(density =1.70 gcm™) in a two-litre beaker (Lo et al., 2018). The mixture was stirred at
120 rpm for ten minutes using an overhead stirrer (LC-OES-200SH, Lichen). Two cycles of
sedimentation and filtration followed. In each cycle, the beaker was covered with aluminium
foil and stored in a cabinet to allow sedimentation for one day. The supernatant was then filtered
through 31 pum stainless steel filters using a vacuum pump. The stainless-steel filters containing
trapped particles were transferred to a 400 ml beaker, and 150 ml of digestive solution (1%
KOH; 5% EDTA; 5% H20:) was added. The mixture was sonicated for ten minutes. The filters
were then washed with Milli-Q water and removed from the solution. Particles were retrieved
from the solution onto a 31 um stainless steel filter via vacuum filtration. The particles were

then ready for polymer identification.
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Soft tissue digestion protocol

This digestion procedure was modified from Leung et al. (2021). Coral fragments were briefly
washed with Milli-Q water to remove adhered sediment, followed by digestion in a one-litre
beaker containing a solution of potassium hydroxide (KOH, 10%) and hydrogen peroxide
(H202, 3.5%), mixed on a shaker at 70 rpm. After three days, coral tissue was solubilized by
digestion. The undigested coral skeleton was removed from the solution, and adhered particles
on the skeleton were washed back into the one litre beaker. Ethylenediaminetetraacetic acid
disodium salt dihydrate (EDTA, 10%) was added to dissolve adhered sediments over one day.
The supernatant was filtered through a 31 pm stainless steel filter using a vacuum pump, while
the precipitate was centrifuged (C-28A, BOECO Germany) in 50 ml Falcon tubes at 2500 rpm
for five minutes. The supernatant was filtered using the 31 um stainless steel filter, and the
precipitate, after adding Milli-Q water, was subjected to another round of centrifugation. The
remnant underwent density separation using sodium iodide (Nal, 1.7 g/ml) to a total volume of
40 ml, with two cycles of sonication for ten minutes and centrifugation at 2500 rpm for five
minutes. In each cycle, the supernatant containing lighter particles was filtered through a 31 pm
stainless steel filter using a vacuum pump. Particles retained on the filter were then subjected

to microplastic identification.

Coral skeletons digestion protocol

After soft tissue digestion, the remaining skeletons were sonicated with Milli-Q water and dried
in an oven at 40 °C. Dry skeletons were weighed and scanned using a 3D camera to measure
mass, surface area, and volume. The samples were then digested using 5.5% hydrochloric acid
(HCl) with minimal volume at 40 °C. The pH of the liquefied skeleton solution was adjusted
to 10—11 using 20% KOH solution. Hydrogen peroxide solution (30%) was added to reach a
5% concentration, added four times at twelve-hour intervals, to aid in the digestion of skeletal
organic matter. If whitish precipitates appeared during pH adjustment, EDTA (10%) was added
until dissolution. The solution was then left to sediment for 24 hours. The supernatant
containing lighter particles was filtered through a 31 um stainless steel filter using a vacuum
pump. The remnant underwent density separation using sodium iodide (Nal, 1.7 g/ml) to a total
volume of 40 ml, with two cycles of sonication for ten minutes and centrifugation at 2500 rpm

for five minutes. In each cycle, the supernatant containing lighter particles was filtered through
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the 31 um stainless steel filter using a vacuum pump. Particles retained on the stainless-steel

filters were then subjected to microplastic identification.

2.3.3 Microplastics identification

Particles (>31 um) extracted from the coral soft tissue, coral skeleton, and sediment samples
were collected on stainless-steel filter membranes and identified using a Renishaw inVia
confocal Raman microscope (Wotton-under-Edge, UK; see Leung et al. 2021a, 2021b; Ho et
al. 2022). The microscope system was coupled with a Leica 10x objective (Wetzlar, Germany)
and a 785 nm edge laser (300 mW output power). The system included an automated mapping
mode, which aided the identification process and produced data for particle quantification,

polymer type identification, and particle size distribution.

Particles retained on the stainless-steel filter were scanned at a spatial resolution (pixel size) of
28.4 um and excited by the laser at 10% power for 5 s per pixel. Approximately 14,000 Raman
spectra were generated for each sample during the automatic 2D scan (mapping). Baseline
correction and cosmic ray removal of the spectra were performed using Renishaw WiRE 5.2
software. The refined Raman spectra were matched with the Renishaw Polymeric Materials
Database for polymer identification. Each pixel (28.4 um) was scored for similarity compared
to the standard spectra in the database. The matching index ranged from 0.00 to 1.00, with
higher values representing greater similarity. For matching indices >0.7, the matching was
accepted. For indices between 0.4 and 0.7, the spectra were examined visually to determine if
the sample spectra consisted of all the signature peaks of the standard spectra in the database.
Otherwise, the matching was rejected. The accepted matching of a pixel was color-coded to

indicate the detection of a polymer in the software.

18



>
Z/(b) e FO
;g Polyethylene (PE)
; o
5 f Wl
Polyethylene terephthalate (PET) w
Polypropylene (PP) "
|
“,a'fvvyw spectrum s -"-'--.
Chemometric matching of ~ Reference spectrum 0
|
Raman spectra Polystyrene (PS)
. 10‘0_;:m

Microplastics identified | — SO0 DoRLELE AL 0 ARG MRS S0 it b i (1 K
700 800 900 1000 1100 1200 1300 1400 1500 1600

Raman shift (cm?)

*and colour-coded

Figure 2. 9 The workflow for analyzing microplastics in the laboratory using a Renishaw inVia
confocal Raman microscope (Wotton-under-Edge, UK; see Ho et al. 2022); (b) Examples of
microplastics identified from the coral and sediment samples in Part III and their Raman spectra
compared to the reference spectra.

2.3.4 Three dimensions scanning of coral fragments

Skeleton samples were scanned (Fig. 2.10) using an EinScan Pro 2X handheld 3D scanner
(Shining 3D, China) to obtain 3D data, which were processed by Geomagic Design X 2022
software for repairing, hole filling, and global remeshing. In brief, corals were rotated on a disc
and captured at different angles. The generated models were remeshed with a resolution of

0.2 mm.

10 mm

Figure 2. 10 (a) The University Research Facility in 3D Printing (U3DP) at The Hong Kong
Polytechnic University, where (b) fragments of P. acuta were scanned using an EinScan Pro
2X handheld 3D scanner (Shining 3D, China) to determine the tissue surface area.

19



2.4 Statistical Analyses

2.4.1 Statistical Framework and Model Specification

All analyses were conducted within a Bayesian statistical framework using generalised linear
mixed-effects models (GLMMs) implemented in the brms package (version 3.4.1) in R
(Biirkner, 2017). Bayesian methods provide several advantages over traditional frequentist
approaches in handling small or noisy datasets, including enhanced reliability, greater accuracy,
and the ability to explicitly incorporate prior knowledge (Kruschke et al., 2012; van de Schoot
et al., 2021). Bayesian results offer direct probabilistic interpretations, which facilitate clear

inference regarding effect presence and magnitude (Kruschke, 2010).

Numeric continuous variables were z-standardised (mean = 0, SD = 1) prior to analysis to
enhance interpretability and sampling efficiency (Schielzeth, 2010), and multicollinearity was
not detected. Weakly regularising priors (mean = 0, SD = 1) were applied to all fixed and
random effects, balancing model flexibility with conservative shrinkage to minimise the risk
of overfitting. Models were fitted using four Markov Chain Monte Carlo (MCMC) chains, each
comprising 2,000 iterations with 1,000 warm-up steps, resulting in a total of 4,000 post-warm-
up posterior samples. All models demonstrated satisfactory convergence, with Rhat values <
1.01, effective sample sizes exceeding 1,000, and no divergent transitions or convergence

issues identified (Cowles & Carlin, 1996).

Credible intervals (CI) were used to assess effect sizes, analogous to frequentist confidence
intervals but interpreted probabilistically. The 89% CI, which has long been recommended as
the default in bayestestR (Makowski et al., 2019), is generally more stable for estimation
(Kruschke, 2015), while the 95% CI aligns more closely with the conventional frequentist
threshold and provides a more conservative standard (e.g., p = 0.05). In this study, effects were

categorised as follows:
1) Strong/significant evidence: 95% CI excluded zero.

2) Moderate evidence: 89% CI excluded zero, but 95% CI overlapped zero.
3) No evidence: Both 89% and 95% CI included zero.
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This dual-threshold approach enhanced analytical transparency, distinguishing practical
relevance (89% Cl) from stricter statistical significance (95% CI), while avoiding

overinterpretation of borderline effects.

2.4.2 Experiment-Specific Model Structures

Impacts of MPs on corals at the larval stage

For the larval experiment, settlement rates were analysed using a binomial GLMM with a logit-
link function. The response variable represented the number of larvae settled out of 100 per
tank (event-trial format). Growth rate was analysed using a Gaussian GLMM with an identity-
link function. Fixed effects comprised treatment (Control, Zx, PS, Mix), tile substrate condition
(conditioned vs. unconditioned), and their interaction. A random intercept for tank accounted

for non-independence among replicates within treatment groups.

To quantify the relative contribution of treatments and substrate conditions in explaining larval
settlement and growth variability, fixed-effect coefficients were converted into variance
components (Nakagawa et al., 2013). The proportion of variance explained by each component
was calculated through dividing its variance estimate by the total model variance, including

fixed, random, and residual variance components.

Impacts of MPs on Juvenile and Adult Corals

For the juvenile and adult coral experiments, variables such as growth and photochemical
performance were analysed using Bayesian GLMM. Gaussian models with identity-link
functions were applied to continuous values. Fixed effects included treatment (four levels:
Control, PP, PET, and sediment). Initial Day 0 measurements were added as covariates to adjust
for baseline differences and were z-standardised (mean = 0, standard deviation = 1) prior to
analysis. A random intercept for tank was incorporated to account for within-group

dependency.

Effect size interpretation integrated both 89% and 95% CI with the Region of Practical
Equivalence (ROPE) methodology. ROPE evaluates the proportion of posterior distribution
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falling within a predefined null range (+0.1 for standardised parameters). low percentages
indicate meaningful effects and high percentages support null effects. ROPE boundaries
followed Cohen's (1988) guidelines for negligible effect sizes (Kruschke & Liddell, 2018).
Following Bayesian methodological conventions, 89% CI highest density intervals (HDIs)
were prioritised for ROPE evaluations due to their favourable statistical properties compared
to 95% intervals, as implemented in the bayestestR package (Kruschke, 2015; Kruschke &
Liddell, 2018; Makowski et al., 2019; McElreath, 2016). Complementing this, the probability
of direction (PD) metric provided additional evidence strength, indicating the certainty of an
effect's sign (50% = complete uncertainty, 100% = absolute certainty), analogous to one-tailed

frequentist p-values (Makowski et al., 2019).

Monitoring MPs in Coral Habitats

For the field-based MPs analysis in coral habitats, MPs concentrations (items cm™) were
analysed using Bayesian zero-inflated beta GLMM to account for overdispersion, residual non-
normality (despite log transformation) and true zeros arising from biological absence. Separate
models were constructed for total MPs and each major polymer type (PE, PET, PP, PS), while
rarer polymers (e.g., nylon, PTFE, PVC, PMMA) were excluded due to low detection
frequencies. Fixed effects included site (four levels: Crooked Island, Double Island, Port
Island, and Tung Ping Chau), sample type (coral skeleton vs. sediment), and their interaction.
Random intercepts were included to account for spatial pseudo-replication across sampling

points within each site and seasonal variability associated with field campaigns.
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Chapter 3 — Results

3.1 Larval Settlement and Growth

3.1.1 Overview of settlement rate and growth rate

Tile conditioning exerted a pronounced influence on larval settlement, whereas treatment-
related differences were limited (Fig. 3.1 A). On conditioned tiles, the proportion of larvae that
settled was highest in the Control (34.70%), followed by Zx (30.00%) and PS (29.70%). The
Mix treatment, however, resulted in lowest attachment (23.00 %). In contrast, on unconditioned
tiles, attachment success declined sharply across all treatments (control = 1.67 %; Zx =7.00 %;

Mix = 6.00 %; PS = 2.33 %).

Growth showed little variation among treatments (Fig. 3.1 B). Under conditioned tiles, mean
growth clustered around the reference value (98.51 — 102.57 %), while unconditioned tiles

produced a modest increase (103.52 — 106.76 %), with no clear treatment pattern.

A B

Conditioned ! Conditioned

a x —
e s — .

Unconditioned . Unconditioned
>H Control ' Q1]|’<

2 ﬂ zx >—-|]Z'—<
PS '—< PS 4
Mix >I—< Mix ’_-_{

0 10 20 30 40 50 40 80 120 160
Settlement rate (%) Growth rate (%)
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Figure 3. 1 Settlement and growth of 4. tumida larvae after 60 days. white dots = mean; lines
= median; boxes = interquartile range (IQR); whiskers = data spread; dashed vertical line =
100 %, the reference value.
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3.1.2 Bayesian Posterior Modelling

The Bayesian GLMM for settlement explained 87 % of the variance (R? = 0.87, Fig. 3.2 A).
Relative to the control on conditioned tiles, the Mix treatment showed strong evidence of = 38
% settlement reduction (posterior median log-odds, % [credible interval]: —0.46, 95% CI[0.81,
—0.12]). In contrast, effects of Zx and PS were minimal (Zx: —-0.11, 95% CI [-0.44, 0.22]; PS:
—0.15, 95% CI [-0.48, 0.20]). Unconditioned tiles imposed a substantial decline in larval
attachment (-2.72, 95% CI [-3.31, —-2.16), although this was partially offset by positive
interactions with Zx (0.89, 95% CI [0.15, 1.65]) and Mix (1.06, 95% CI [0.34, 1.82]). The
growth model carried little explanatory power (conditional R? = 0.09; Fig. 3.2b). All main and
interaction effects were not significant in growth. Posterior diagnostics confirmed full model

convergence (Rhat = 1.00) and adequate sampling efficiency (bulk ESS > 1,500).
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Figure 3. 2 Bayesian GLMM Posterior estimates and credible intervals for standardized
settlement (A) and growth (B). Dots = medians; Lines = 50%, 89% and 95% CI. Dashed line
separates tile conditions. Posterior R? values indicates model explanatory power.

3.1.3 Bayesian Hypothesis Testing

Posterior pairwise contrasts, used as Bayesian analogues to post-hoc tests, quantified

differences among treatment X tile combinations (Fig. 3.3).
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On conditioned tiles, the Mix treatment reduced settlement rate relative to the control (—0.46,
95% CI [-0.81, —0.12]), whereas Zx and PS showed no significant effects. Pairwise
comparisons confirmed moderate evidence (89% CI) for reduced settlement in Mix compared

with either Zx or PS, while differences between Zx and PS were negligible.

On unconditioned tiles, settlement was consistently suppressed (95% CI) across all treatment.
In this context, Zx significantly improved larval performance (0.89, 95% CI [0.15, 1.65]), and
Mix showed moderate evidence of a positive effect (1.06, 89% CI [0.34, 1.82]). PS did not
differ from the control group. Direct comparisons indicated a significant positive effect of Zx
over PS (95% CI). Transitioning from conditioned to unconditioned tiles led to a universal and
significant reduction in settlement (95% CI), underscoring the dominant influence of substrate

conditioning.

Neither main effects nor interaction effects were significant for larval growth, with all 89% &
95% Cls overlapping zero. However, there was moderate evidence (89%) that Mix increased
growth rate on unconditioned tiles compared with conditioned tiles, suggesting a tile-dependent

response (Fig.3.3).3).
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Figure 3. 3 Posterior estimates for standardised settlement (A) and growth (B) across
treatments and tile conditions. Density plots show effect size between treatment pairs: 1) within
conditioned tiles, ii) within unconditioned tiles, iii) across tile conditions; lines (50 %, 89 % &
95 % CI); colour (red = positive, blue = negative, grey = non-significant). Estimates are based
on standardised model outputs.

3.1.4 Variance Decomposition

The variance explained analysis revealed distinct patterns in how settlement and growth rates
were influenced by experimental factors. For settlement rate (Fig. 3.4 A), substrate
conditioning (tiles) explained the largest variance (median = 19%, 95% CI [13%, 25%]).
Treatment effects contributed minimally, while the interaction effect of treatment and tile

condition exerted modestly, reflecting influences under unconditioned conditions.

In contrast, the variance in growth rate distributed evenly (Fig. 3.4B) with treatment (0% —
16%), tiles (0% — 10%) and their interaction (0% — 8%). The distribution indicates neither
treatment nor substrate conditioning strongly determined growth. Random effects, such as tank
identity and microenvironmental variation, likely dominated growth outcomes. The result

suggests uncontrolled background heterogeneity plays a dominant role in growth outcomes.
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Figure 3. 4 Variance decomposition for larval responses: Settlement rate (A) and growth rate
(B). Percentage scales show contributions from treatment, tile condition, and interactions. Dots
= medians variance proportions; bars = IQR; lines = 95% CI. Percentage scales show
contributions from treatment, tile condition, and interactions.

3.1.5 MPs ingestion

Coral larvae ingested MPs in the experiment. However, only less than 5% of A. tumida larvae
were found ingesting the PS particles in the PS and Zx + PS treatments of the experiment,

according to observation reported in Fig. 3.5.

(a) 200 pm (b) 200 um

Figure 3. 5 Zooxanthellae (Zx; Symbiodinium clade CI) inoculation in larvae under different
conditions. Fluorescent micrographs show normal symbiont uptake without MPs (A) and
simultaneous incorporation of PS particles (10 pm) during symbiont acquisition (B). Images
were captured using a Nikon Eclipse Ti2-E live-cell imaging system, demonstrating PS
internalization by the coral host.
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3.2 Growth and Photosynthesis of Juvenile and Adult Corals

3.2.1 Effects of MPs and sediment on the growth capability of juvenile A.

tumida

Exposure to MPs and sediment affected juvenile A. tumida growth, as indicated by changes in
surface area and polyp count over 30 days. Surface area was highest in the control group (mean
= 139.2%), followed by sediment (138.5%) and PET (130.4%) treatments, while PP-treated
corals exhibited the lowest mean value (117.7%) (Fig. 3.6 A). Polyp numbers showed a similar
trend, with the highest count in the PP group (63.3), followed by Control (61.8), sediment
(59.9), and PET (56.6) (Fig. 3.6 B).

Bayesian posterior estimates further support treatment-specific effects. The Bayesian R? values
indicated that the models explained a substantial proportion of variance in growth responses:
R?=10.69 (95% [0.59, 0.76]) for surface area, and R? = 0.71 (95% [0.62, 0.77]) for polyp count
(Fig. 3.7). For surface area (Table 3.1), PP exposure was associated with a potential reduction
in growth. The 89% CI (-0.93, -0.01), low ROPE overlap (4.69%) and a 94.78% probability of
direction (PD) indicate a biologically meaningful effect. However, the 95% CI (-1.06, 0.11)
overlapped zero. In contrast, PET and sediment treatments had a negligible effect on surface
area, indicated by CI overlapping zero. For polyp counts (Fig. 3.7 B and Table 3.1), PP and
sediment both led to reductions compared to the control group. PP treatment shows strong
evidence (89% CI [-1.06, -0.11]; 89% ROPE = 0%; 95% CI [-1.18, 0.03]; PD = 97%) and
sediment yielding slightly weaker but consistent results (89% CI [-0.87, -0.05]; 89% ROPE =
2.98%; 95% CI [-0.99, 0.06]; PD = 96.2%). PET eftects on polyp count were less clear, with
moderate posterior support. Collectively, these results highlight PP as the most detrimental

treatment to coral surface growth and polyp density.
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Figure 3. 6 Morphological responses of juvenile corals to MPs exposure. Surface area (A) and
polyp count (B) are shown across treatments (Control, PP, PET, Sediment). White dots =
means; lines = median; Boxes = IQR; whiskers = data spread.
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Figure 3. 7 Bayesian GLMM posterior distributions of MPs and sediment exposure on juvenile
coral growth. Standardised surface area (a) and polyp count (b) are presented for treatments
(Control, PP, PET, Sediment). Black dots = medians; lines = 50%, 89% & 95% CI; R? indicates
model explanatory power.
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Model Parameter 89% CI 89% ROPE 95% CI 95% ROPE PD

Surface area PP [-0.93,-0.01] 4.69 [-1.06,0.11] 7.29 94.78
PET [-0.46,0.45]  32.64 [-0.57,0.57] 30.58 51.15
Sediment [-0.43,0.51]  30.79 [-0.55,0.64] 28.84 56.98
Polyps PP [-1.06,-0.11] 0 [-1.18,0.03] 3.11 97
PET [-0.77,0.05]  10.93 [-0.9,0.15]  12.13 91.85
Sediment [-0.87, -0.05] 2.98 [-0.99,0.06] 5.95 96.2

Table 3. 1 Summary of Bayesian model estimates for juvenile 4. tumida growth capability
relative to control group. The table shows the 89% and 95% CI, percentage of the posterior
distribution within the Region of Practical Equivalence (ROPE; +0.1), and the probability of
direction (PD). Lower ROPE and higher PD values suggest more meaningful treatment effects.

Bayesian pairwise comparisons revealed treatment-specific differences in both coral surface
area and polyp number. For surface area (Fig. 3.8 A), the contrast between PP and Control
showed moderate evidence (89% CI) of growth inhibition. Comparisons between PP and both
PET and sediment also suggested negative shifts in posterior distributions with moderate
support (89%). In contrast, PET and sediment treatments showed little difference from Control
with CI overlapping zero. For polyp count (Fig. 3.8 B), all treatments had posterior estimates
suggesting lower values relative to the Control, particularly for PP and sediment with moderate
evidence (89% CI). Comparisons between treatments yielded minimal evidence for difference

in posterior distribution.
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Figure 3. 8 Posterior estimates and hypothesis testing of juvenile coral growth under MP and
sediment exposure. Standardised surface area (A) and polyp count (B) are shown across
treatments (Control, PP, PET, Sediment). Density plots display effect sizes; lines = 50%, 89%
and 95% CI; colours (blue = negative, red = positive, grey = non-significant) indicate statistical
support. Estimates are based on standardised model outputs.

3.2.2 Effects of MPs and sediment on the photochemical performance of

zooxanthellae in juvenile 4. tumida

Exposure to MPs and sediment induced treatment-specific variation in the photochemical
performance of zooxanthellae in juvenile A. tumida, as reflected on grey scale, Abs, Fo, and
Fv/Fm (Figs. 3.9-3.10; 3. 2). Grey scale values were highest in PP treatment (mean = 151.2),
indicating potential pigment loss. Control and PET treatments showed lower values (107.8 and
108.8, respectively). Bayesian models supported a detectable increase in brightness under PP
treatment, with a positively shifted posterior distribution (89% ROPE = 1.15%, PD = 94.98%).
The effects of PET and sediment were more uncertain. The model explained 51.2% of the
variance in grey scale (R*=0.51, 95% CI [0.35, 0.63]). Abs, the lowest values were observed
in the PP group (0.833) while PET and sediment treatments (0.880 and 0.881) showed higher
means. PP exposure was associated with a negatively shifted posterior (§9% ROPE = 3.37%,
PD = 93.2%), indicating a likely reduction in photosynthetic absorption, with model R = 0.57
(95% CI1[0.41, 0.67]). Fo peaked under PET (0.0565), followed by Control (0.0536), and was
lowest under PP (0.0435). Bayesian estimates revealed a pronounced decline in Fo under PP

exposure (95% ROPE = 0.97%, PD = 97.33%) while PET and sediment effects were less
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certain. The model explained 40% of variance in Fo (R? = 0.40, 95% CI [0.22, 0.55]). Finally,
Fv/Fm was highest in the control (0.702) and declined slightly in PET treatment (0.701). The
lowest values were in the PP (0.664) and sediment (0.701) treatments. PP exposure again
produced a negatively shifted posterior (89% ROPE = 3.82%, PD = 93.08%). The model for
Fv/Fm had the highest explanatory power (R? = 0.60, 95% CI [0.45, 0.69]).

Bayesian pairwise comparisons revealed treatment-specific differences in photochemical
performance among juvenile 4. tumida. For grey scale values (Fig. 3.11 A), PP showed positive
contrasts relative to the control group (89% CI excludes 0), suggesting increased tissue
brightness. The PP and PET comparison also positively shifted (89% CI excludes 0). In
contrast, PP exposure was consistently associated with reduced values for Abs (Fig. 3.11 B)
compared to PET (89% CI excludes 0) and sediment (95% CI excludes 0), indicated by
negatively shifted posterior distributions. These results align with the model-based posterior
estimates suggesting lower photosynthetic absorption under PP treatment. For Fo (Fig. 3.11 C),
PP was lower than control group (89% CI excludes 0). No meaningful pairwise differences
were detected for Fv/Fm (Fig. 3.11 D) because all contrasts showed posterior distributions

broadly overlapping zero.

32



A B

Control

F———— | —_— Control — —
PET + PET +

Sediment Sediment

50 150 200 250 0.70 0.75 0.80 085 0.90

Grey scale Abs
C D
Control )—[El—{ Control 13 —
Sediment f—.—-{ Sediment }—.—{
0.02 0.03 0.04 0.05 0.06 0.07 0.60 0.65 0.70
Fo Fv/Fm

Figure 3. 9 Photochemical responses of zooxanthellae in juvenile corals following exposure to
MPs and sediment. Grey scale (A), Abs (B), Fo (C), and Fv/Fm (D) are shown across treatments
(Control, PP, PET, Sediment). Dots = means; Lines = medians; Boxes= IQR; whiskers = data
spread.
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Figure 3. 10 Bayesian GLMM posterior distributions and CI of photochemical performance of
juvenile corals exposed to MPs and sediment. Standardised grey scale (A), Abs (B), Fo (C),
and Fv/Fm (D) are shown across treatments (Control, PP, PET, Sediment). Dots = medians,
and lines = 50%, 89%, and 95% CI. Posterior R? values indicate model explanatory power.
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Model Parameter 89% CI 89% ROPE  95% CI 95% ROPE PD
Greyscale PP [0.04,2.3] 1.15 [-0.28,2.6] 2.61 94.98
PET [-1.08,1.16] 14.35 [-1.37,1.42] 13.45 52.18
Sediment [-0.95,1.28] 11.97 [-1.2,1.61] 11.21 59.53
Abs PP [-2.18,0.08] 3.37 [-2.48,0.38] 3.34 93.2
PET [-0.83,1.4] 12.16 [-1.17,1.7]  11.39 67.6
Sediment [-0.63,1.52] 11.12 [-0.89,1.82] 10.42 74.63
Fo PP [-1.89,-0.26] O [-2.14,0.03] 0.97 97.33
PET [-0.57,1.12] 14.94 [-0.84,1.36] 14 72.03
Sediment [-1.18,0.54] 14.55 [-1.38,0.77] 13.63 74.2
Fv/Fm PP [-2.31,0.08] 3.82 [-2.67,0.43] 3.76 93.08
PET [-1.25,1.11] 12.25 [-1.62,1.42] 11.47 56.35
Sediment [-1.36,1.1] 11.94 [-1.68,1.46] 11.18 57

Table 3. 2 Summary of Bayesian model estimates for the photochemical performance of
zooxanthellae in juvenile 4. fumida relative to control group. The table shows the 89% and
95% CI, percentage of the posterior distribution within the Region of Practical Equivalence
(ROPE; #0.1), and the probability of direction (PD). Lower ROPE and higher PD values
suggest more meaningful treatment effects.
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Figure 3. 11 Posterior estimates of photochemical responses in juvenile corals exposed to MPs
and sediment. Standardised grey scale (A), Abs (B), Fo (C), and Fv/Fm (D) are shown across
treatments (Control, PP, PET, Sediment). Density plots represent the effect size between
treatments; line = 50%, 89%& 95% CI and colours (blue=negative, red=positive, grey=non-
significant) indicate statistical support. Estimates are based on standardised model outputs.
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3.2.3 Effects of MPs and sediment on the growth capability of adult A. tumida

by changes in buoyant weight over 30 days (Fig. 3.12). Observed buoyant weight was highest
in the PET group, with comparable mean values across Control, PP, and sediment treatments
(Fig. 3.12 A). Bayesian models supported this observation as all treatment posterior estimates
showed extensive overlap and narrow variation around the control (Fig. 3.12 B). The model
demonstrated strong explanatory power (R? = 0.99, 95% CI [0.99, 0.99]). At the parameter
level (Table 3.3), none of the treatments showed credible effects on buoyant weight. All Cls
(89% & 95%) overlapped zero, ROPE overlap was 100%, and PD remained below
conventional thresholds of confidence. Pairwise comparisons among treatments and relative to
the control further confirmed negligible differences, with all posterior distributions were near

zero and overlapping CI (Fig. 3.13).
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Figure 3. 12 Observed and modelled buoyant weight of adult corals following exposure to
MPs and sediment. (A) Boxplots show observed buoyant weights. Dots = means; lines =
medians; Boxes = IQR; whiskers = data spread. (B) Bayesian GLMM posterior distributions
and CI of standardized buoyant weight. Dots = medians, and lines = 50%, 89% & 95% CI.
Posterior R? values indicate model explanatory power.
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Figure 3. 13 Posterior estimates and hypothesis testing of adult corals growth under MPs and
sediment exposure. Density plots represent the effect size between treatments. Lines = 50%,
89% & 95% CI. colours (blue=negative, red=positive, grey=non-significant) indicate statistical
support. Estimates are based on standardised model outputs.

Model ~ Parameter 89% CI 89% ROPE  95% CI 95% ROPE PD

Buoyant PP [-0.001,0.009] 100 [-0.002,0.01] 100 92.38

weight  PET [-0.003,0.006] 100 [-0.004,0.008] 100 73.38
Sediment [-0.002,0.007] 100 [-0.004,0.009] 100 81.98

Table 3. 3 Summary of Bayesian model estimates for adult 4. tumida growth capability
(buoyant weight) relative to control group. The table shows the 89% and 95% ClI, percentage
of the posterior distribution within the Region of Practical Equivalence (ROPE; +0.1), and the
probability of direction (PD). Lower ROPE and higher PD values suggest more meaningful
treatment effects.
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3.2.4 Effects of MPs and sediment on the photochemical performance of

zooxanthellae in adult 4. fumida

Exposure to MPs and sediment exerted limited effects on the photochemical performance in
adult A. tumida (Fig. 3.14 - 3.15). Bayesian models revealed moderate explanatory power for
grey scale (R? = 0.53, 95% CI [0.35, 0.66]), Fo (R = 0.53, 95% CI [0.31, 0.66]) and Fv/Fm
(R?=10.53, 95% CI [0.34, 0.66]), but weak explanatory capacity for Abs (R? = 0.22, 95% CI
[0.05, 0.41]).

Across all the parameters, posterior distributions showed CI (89% & 95%) overlapping zero,
high ROPE percentages (typically >10-15%), and low PD for most treatments. For instance,
grey scale values under PP and PET exposures showed ROPE overlaps (15.4-16.5%) and low
PD (55%), suggesting negligible effect on coral pigmentation. Sediment exposure produced a
more positively shifted posterior in grey scale (PD = 86.6%), yet this effect remained
inconclusive due to overlapping CI on zero. Similarly, Abs values remained broadly stable
across treatments, with ROPE overlaps (16% — 18%), and significant directional certainty
across treatments. Fo showed a potentially positive effect under sediment exposure (ROPE =
5.03%, PD = 90.7%), but this was not supported due to overlapping of CI on zero. Effects on
Fv/Fm followed a similar pattern, with overlapping posterior distributions and weak support

for treatment-specific change (Table 3.4).
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Figure 3. 14 Photochemical responses of zooxanthellae in adult corals following exposure to
MPs and sediment. Grey scale (A), Abs (B), Fo (C), and Fv/Fm (D) are shown across treatments
(Control, PP, PET, Sediment). Dots = means; Boxes = IQR; lines = medians; whiskers = data

spread.
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Figure 3. 15 Bayesian GLMM posterior distributions and CI of photochemical responses in
zooxanthellae in adult corals following exposure to MPs and sediment. Standardised grey scale
(A), Abs (B), Fo (C), and Fv/Fm (D) are shown across treatments (Control, PP, PET, Sediment).
Dots = medians, and lines = 50%, 89% & 95% CI. Posterior R? values indicate model
explanatory power.
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Model Parameter  89% CI 89% ROPE  95% CI 95% ROPE  PD
Greyscale PP [-0.97,0.83] 16.49 [-1.19,1.05] 15.45 54.88
PET [-1.05,0.85] 15.42 [-1.29,1.11] 1445 55.98
Sediment  [-0.27,1.54]  8.06 [-0.5,1.76] 7.55 86.6
Abs PP [-0.76,0.91] 17.33 [-0.97,1.13] 16.24 55.73
PET [-0.79,0.8] 19.66 [-1,0.99] 18.42 50.95
Sediment  [-0.81,0.87] 17.72 [-1,1.09] 16.61 53.08
Fo PP [-0.42,1.28] 11.77 [-0.63,1.5] 11.03 79.73
PET [-0.34,1.38] 10.79 [-0.55,1.63] 10.11 83
Sediment  [-0.17,1.71]  5.37 [-0.39,1.94] 5.03 90.7
Fv/Fm PP [-0.82,0.86] 17.11 [-1.02,1.05] 16.03 50.98
PET [-0.86,0.81] 18.2 [-1.1,1.02] 17.05 51.48
Sediment  [-0.99,0.79] 15.9 [-1.18,1.01] 14.89 56.88

Table 3. 4 Summary of Bayesian model estimates for the photochemical performance of
zooxanthellae in adult A. tumida relative to control group. The table shows the 89% and 95%
CI, percentage of the posterior distribution within the Region of Practical Equivalence (ROPE;
+0.1), and the probability of direction (PD). Lower ROPE and higher PD values suggest more
meaningful treatment effects.

Pairwise Bayesian comparisons further supported the lack of statistically meaningful effects
on the photochemical performance of zooxanthellae in adult 4. tumida (Fig. 16). Across all
contrasts, the 89% CI overlapped zero, and none of the comparisons yielded credible evidence
for biologically relevant shifts. These findings collectively suggest that the photochemical

performance of zooxanthellae in adult A. tumida are resilient to short-term MPs and sediment

exposure. No consistent impairment was observed in their photochemical functioning.

41



A Grey scale B Abs C Fo D: Fv/Fm

' I i |
' ' [ '
' ' ) 1

PP_vs_Control - :_ —J. P— —: <SR —:_
' ' ! 1
Ll ' 1 1
1 | 1 1

PET_vs_Control —— — —— ———
' ' ' '
' ' | |
1 | ' |

Sediment_vs_Control p— e —— — p——
' ' ' '
L L L L
) ) \ )\
' ' ' 1
1 ' ) )

PP_vs_PET — { — —_— —
' ' \ '
| ' ' |
l | 1 |

PP_vs_Sediment —_— —— — ———

' ) ) 1
‘ ' ) )
1 ' 1 |

PET_vs_Sediment ——— CE—— N E—
' ' ' '

s s s
Effect size Effect size Effect size Effect size
(Difference on standardized value) (Difference on standardized value) (Difference on standardized value) (Difference on standardized value)
5 NoEftoct

Figure 3. 16 Posterior estimates and hypothesis testing of photochemical responses in
zooxanthellae in adult corals under MPs and sediment exposure. Standardised grey scale (A),
Abs (B), Fo (C), and Fv/Fm (D) are shown across treatments (Control, PP, PET, Sediment).
Density plots represent the effect size between treatments. Lines = 50%, 89% & 95% Cls and
colours (blue=negative, red=positive, grey=non-significant) indicate statistical support.
Estimates are based on standardised model outputs.
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3.3 Distribution of Microplastics in Habitats and Coral Compartments

3.3.1 Spatial comparison of MPs in corals and habitat sediments

Microplastics were detected across all sample types, with site-specific differences in
concentration. In sediment samples, MPs were found at a mean concentration of
0.08 items cm3, ranging from 0.04 to 0.11 items cm ™ (Fig. 3.17 A). The highest concentrations
were recorded at Double Island, followed by Crooked Island. In tissue samples, MPs were
present at a mean concentration of .76 items cm™2, with a range of 0.16 to 1.52 items cm 2 (Fig.
3.17 B). The highest concentration occurred at Crooked Island. MPs were also detected in coral
skeletons at a mean concentration of 1.22 items cm3, ranging from 0.29 to 1.63 items cm
(Fig. 3.17 C). The highest values were observed at Port Island, followed by Crooked Island
(1.52 items cm™) and Double Island (1.44 items cm™).
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Figure 3. 17 QGIS maps of Mirs Bay showing the spatial distribution of MP concentrations in
(A) sediments, (B) coral tissue, and (C) skeletons across four P. acuta habitats. Warmer colours
(orange) indicate higher concentrations, while cooler colours (blue) represent lower
concentrations.
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3.3.2 Characteristics of MPs

The size distribution of MPs revealed a predominance of smaller particles across all sample
types (Fig. 3.18 A). In sediment, coral tissue, and skeleton samples, the smallest size class (30-
100 um) was the most abundant, accounting for 43.1%, 53.1%, and 57.9%, respectively. This
was followed by the 100-200 um class (33.9%, 33.9%, and 30.3%), the 200-1000 pm class
(21.3%, 12.7%, and 11.4%), and the largest size class (1000-5000 um), which contributed less
than 2.0% in all samples. Overall, the particle sizes of identified MPs ranged from 40 um to
3233 um.

Multiple polymer types were identified in the samples. PE, PET, PP, PS, and PMMA were
present in all three sample types, while Nylon, PTFE, and PVC were detected exclusively in
skeletons (Fig. 3.18 B). In sediments, PE, PET, PP, and PS were relatively evenly distributed
at 14.6%, 23.4%, 25.6%, and 36.2%, respectively, with PMMA present at only 0.3%. PE and
PP dominated in coral tissues (29.4% and 43.3%) and skeletons (51.8% and 25.2%), followed
by PS and PET in both tissues (10.3% and 7.64%) and skeletons (14.2% and 7.45%). Nylon,
PTFE, and PVC were detected in very low proportions in skeletons (0.3%, 0.1%, and 0.1%,
respectively). Notably, PMMA accounted for 50% of MPs in coral tissue samples from Tung
Ping Chau, a proportion significantly higher than at other sites. The highest polymer diversity
was observed in coral skeletons (eight types), followed by tissue and sediment samples (five

types each).
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Figure 3. 18 Distribution and characteristics of MPs (MPs) across sampling sites. (A)
Percentage of MPs by size class; (B) Percentage of polymer types; (C) Percentage of colours;
(D) Percentage of particle shapes.

MPs exhibited a wide range of colours, including black, blue, brown, green, red, translucent,
white, and yellow (Fig. 3.18 C). Translucent and white particles were dominant across all
sample types: 40.4% and 48.6% in sediments, 49.3% and 39.4% in coral tissue, and 16.2% and
76.6% in skeletons. Brown and blue particles were the next most common, accounting for 3.2-
7.8% and 0.4-4.0%, respectively. Other colours such as black, green, and yellow were present
in minor amounts (<1.3%). All polymers appeared predominantly as fragments, except PET,

which occurred mostly as fibres.

In terms of morphology, MPs were primarily observed as fragments and fibres, with fragments
being dominant across all sample types (Fig. 3.18 D). Fragments constituted 71-98% of all
MPs particles, while fibres accounted for 2-29%. A small proportion of films (<0.6%) was
found in tissue and skeleton samples, whereas no pellets were detected. These findings indicate

that fragments are the dominant shape of MPs associated with corals and their habitats.
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Morphological patterns also varied among polymer types: fragments were the predominant
form for most polymers, including PE, PET, PS, PP, PMMA, Nylon, PTFE, and PVC. However,
PET was most frequently observed in the form of fibres (88.6%).

3.3.3 Comparison of total MPs concentrations in coral skeletons and habitat

sediments

Skeleton samples showed higher MPs concentrations than sediments across all sites, with the
highest levels observed at Port Island (Fig. 3.19 A). The Bayesian zero-inflated beta model
revealed significant sample-specific differences in total MPs concentrations (Fig. 3.19 B).
Coral skeletons exhibited higher concentrations than sediments (skeleton =2.23, 95% CI [1.00,
3.18]). No individual site (DI, PI, or TPC) showed a statistically credible baseline difference
from the reference site (CI), as all site-level coefficients overlapped zero. The zero-inflation

parameter was minimal (zi = 0.02, 95% CI [0.00, 0.09]), indicating negligible influence.
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Figure 3. 19 Observed and modelled total MPs concentrations across sites and tissue types.
(A) Boxplots show observed MPs concentrations (items cm ™). Dots = means, lines = medians,
boxes = IQR, whiskers = data spread. (B) Bayesian GLMM posterior distributions and CI of
standardized total MPs concentrations. Dots = medians, and lines = 50%, 89% & 95% CI.
Posterior R? values indicate model explanatory power.

Microplastic concentrations were higher in coral skeletons than in sediments across all sites,
supported by strong evidence (95% CI) from Bayesian pairwise comparisons (Fig. 3.20). Sites

comparisons within skeleton or sediment samples showed no credible differences, except for a
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higher concentration in skeletons at Port Island compared to Tung Ping Chau with CI (89%)

excluding zero. No differences were detected between sites in the sediment samples.
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Figure 3. 20 Posterior estimates and hypothesis testing of standardised MPs concentrations
across sites and tissue types. Density plots represent the effect size between pairs: 1) sites within
coral skeletons, ii) sites within sediments, iii) skeletons vs sediments within same site. Lines =
50%, 89% & 95%CI. Colours (blue=negative, red=positive, grey=non-significant) indicate
statistical support. Estimates are based on standardised model outputs.

3.3.4 Comparison of polymer type composition (PE, PET, PS, PP) in coral

skeletons and habitat sediments

The concentrations of PE, PET, PP, and PS varied across sites and sample types (Fig. 3.21). In
coral skeletons, the highest PE concentration was observed at Port Island (1.30 items cm3),
followed by Double Island (0.91 items cm™) and Crooked Island (0.22 items cm™3). PET
concentrations in skeletons ranged from 0.05 to 0.15 items cm™, with the highest value at
Crooked Island. PP concentrations were 0.82 items cm at Crooked Island and 0.29 items cm™
at Double Island. PS concentrations ranged from 0.10 to 0.31 items cm™3, with the highest at

Crooked Island. In sediments, concentrations of all four polymers were lower. PE
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concentrations ranged from 0.002 to 0.019 items cm>; PET ranged from 0.004 to 0.028; PP
ranged from 0.005 to 0.035; and PS ranged from 0.023 to 0.031 items cm ™2 across sites.
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Figure 3. 21 Polymer-specific MPs concentrations in coral skeletons and habitat sediments.
Boxplots show concentrations of PE (A), PET (B), PP (C), and PS (D) across sites (CI, DI, PI,
and TPC). Dots = means, boxes = IQR, lines = medians, whiskers = data spread. Coral
skeletons are shown in the upper shaded panels and sediments in the lower panels.

The Bayesian GLMM revealed PE showing the highest spatial and sample-specific
accumulation. PE concentrations were consistently higher in coral skeletons compared to
sediments across sites (posterior median log-odds, % [credible interval]: 2.28, 95% CI [1.46,
3.03]) (Fig. 3.22 A). These differences were modulated by sites. The positive interactions at
Double Island (1.36, 95% CI[0.52, 2.20]) and Port Island (1.87, 95% CI [0.91, 2.80]) indicated
greater skeletal PE accumulation in more urban-proximate areas. In contrast, a negative

interaction at Tung Ping Chau (-1.43, 95% CI [-2.53, -0.28]) suggested relatively lower PE
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concentrations in skeletons than sediments at this rural site. Main effects of site alone were not
supported, indicating that type X site interactions primarily explained spatial variation. Other
polymers showed consistent sample-specific effects without pronounced site-specific
interactions. For PET (Fig. 3.22 B), skeletal concentrations were higher than sediments (1.09,
95% CI [0.31, 1.85]) without interaction of sites. Similar patterns were observed for PP and
PS, where skeletons exhibited greater concentrations overall (PP: 1.35, 95% CI [0.46, 2.50];
PS: 1.83, 95% CI [1.03, 2.50]), but interactions with site were not meaningful. Model
performance, indicated by R? values, further highlighted the significance of PE. The PE model
was high in explanatory power (R? = 0.88, 95% CI [0.70, 0.98]) while the PS model showed
moderate fit (R? = 0.63, 95% CI [0.20, 0.89]), and PET and PP models exhibited lower R?
values (PET: R2=0.30, 95% CI [0.08, 0.72]; PP: R*2=0.17, 95% CI [0.04, 0.63]).
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Figure 3. 22 Bayesian GLMM posterior distributions and CI of polymer-specific MPs
concentrations in coral skeletons and habitat sediments. Standardised logit-scale
concentrations of PE (A), PET (B), PP (C), and PS (D) are shown across sites (CI, DI, PI, and
TPC). Dots = medians, and lines = 50%, 89% % 95% CI. Posterior R? values indicate model
explanatory power. Coral skeletons are shown in the upper shaded panels and sediments in the
lower panels.
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The posterior estimates showed that coral skeletons were higher concentrations in four polymer
types compared to sediments across sites (Fig. 3.23). For skeletal PE, additional differences
were observed among sites, with Port Island and Double Island showing higher concentrations
than Crooked Island, and Tung Ping Chau showing lower levels. No site-specific differences

were evident for PET, PP, or PS within either sample type.
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Figure 3. 23 Posterior estimates and hypothesis testing of polymer-specific MPs
concentrations in coral skeletons and habitat sediments. Standardised logit-scale
concentrations of PE (A), PET (B), PP (C), and PS (D) are shown across sites (CI, DI, PI, and
TPC). Density plots represent the effect size between pairs: 1) sites within coral skeletons, i1)
sites within sediments, iii) skeletons vs sediments within same site. Lines = 50%, 89% & 95%
CI; colours (blue = negative, red = positive, grey = non-significant) indicate statistical support.
Estimates are based on standardised model outputs.

3.3.5 Microplastics distribution in corals

To account for differences in physical dimensions, MPs counts in tissues and skeletons were
standardised by their respective mean reference areas/volumes (160.4 cm? for tissue, 115.8 cm?
for skeleton) (Fig. 3.24). Across all sites, coral skeletons contained more MPs than tissues. On
average, skeletons accounted for 71% of the total MPs found in coral samples. Nonetheless,
tissue still contributed a substantial proportion of MPs, comprising 47.7% and 38.0% of the

total MPs load in specimens from Tung Ping Chau and Crooked Island, respectively.
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Figure 3. 24 Comparison of MPs distribution in coral tissues and skeletons, standardised by
tissue area (160.4 cm?) and skeleton volume (115.8 cm?), respectively.
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Chapter 4 — Discussion

4.1 Impacts of Microplastics on Coral Larvae

4.1.1 Influence of substrate conditioning and microplastics on larval settlement

The results indicate that substrate conditioning and microplastic (MP) exposure interact in
complex, context-dependent ways to influence larval settlement. Consistent with prior studies
(Negri & Hoogenboom, 2011; Perez et al., 2014; Webster et al., 2004), biologically conditioned
tiles—enriched with microbial films and biochemical cues—promoted significantly higher
settlement of Acropora tumida larvae compared to unconditioned tiles. Such conditioning
mimics natural reef substrates by providing critical metamorphic signals from bacterial

communities and crustose coralline algae (Jorissen et al., 2021; Tebben et al., 2015).

When examining the effects of zooxanthellae (Zx) and 10 um polystyrene (PS) MPs, both
separately and in combination (Mix), a nuanced pattern emerged. The Mix treatment reduced
the settlement by approximately 38% (95% CI) on conditioned tiles whereas neither Zx nor PS
alone produced a measurable effect. This pattern reflects an antagonistic interaction. One
possible explanation is that PS may alter the role of ambient zooxanthellae, shifting them from
facilitators to inhibitors of larval attachment. Liang et al. (2025) demonstrates that PS particles
can induce oxidative stress in symbionts, increase extracellular polysaccharides production and
alter the growth of associated bacteria. These findings suggest that the effect of zooxanthellae
and PS particles may be mediated by multiple interacting mechanisms on coral settlement
process. In present study, settlement was enhanced on conditioned tiles but this effect was
partially compromised in mixed treatment. This inhibitory effect occurred only on biologically
conditioned substrates suggests that PS-altered symbionts may specifically weaken positive

settlement signals.

On unconditioned tiles, the settlement rates were significantly suppressed (95% CI) across all
treatments, with settlement significantly lower compared with conditioned tiles. Exposure to
zooxanthellae alone increased larval settlement from two percent in the control to seven
percent, an absolute increase of approximately five percentage points. However, this increase
was insufficient to compensate for the strong positive effect of natural microbial cues, which

increased settlement by 17-33 percentage points on conditioned surfaces. Consistent with these
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findings, Vermeij et al. (2013) reported that surfaces with attached zooxanthellae can enhance
settler density up to 3.7-fold compared to surfaces without them. Other studies indicate that
acquisition of Symbiodinium may shift larval substrate preference under stressed conditions
(Winkler et al., 2015). Together, these findings suggest that zooxanthellae may act as an
auxiliary settlement cue in environments lacking microbial biofilms, although their effect is

relatively weak compared with biofilm-derived cues.

In contrast, PS alone exerted no significant effect on settlement or post-settlement growth,
regardless of substrate conditioning. Ingestion of PS was infrequent (<5%), implying minimal
physiological interaction or uptake. This neutral outcome aligns with findings by Berry et al.
(2019); Liang et al. (2025), who observed limited toxicity from PS at lower concentrations
(~10 mg/L).

Collectively, these findings highlight the need to assess multi-stressor interactions in coral
settlement research. Components that appear beneficial in isolation (e.g., Zx) can become
disruptive when combined with MPs under conditions that closely approximate natural reefs,

potentially suppressing coral larval settlement in unexpected ways.

4.1.2 Limited impact of microplastics on larval growth and ingestion of

microplastics

The experiment revealed that post-settlement growth was not significantly affected by any
treatment, regardless of substrate conditioning or MP exposure. Bayesian generalized linear
mixed model (GLMM) analysis confirmed that neither the experimental treatments nor tile
conditioning had a measurable impact on the larvae's growth rates. Variance decomposition
indicated that most variance was attributable to random factors (Tanks). It implied that larval
growth is largely driven by variability of tank conditions rather than treatment effects. This
result is consistent with Berry et al. (2019) who reports that microplastic contamination had
limited effects on coral fertilization and early larval development. The direct impact of MPs
on coral larvae may be less detrimental. Similarly, Kaposi et al. (2014) found restricted effects
on marine larvae exposed to MPs under controlled conditions. However, Axworthy and Padilla-
Gamino (2019) observed that chronic MP exposure can lead to species-specific stress

responses, such as decreased coral growth. These contrasting findings emphasize resilience in
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Acropora spp. but susceptibility to MPs may vary with species, exposure duration, and

environmental context.

Besides, the ingestion rate of 10 um polystyrene (PS) particles by larvae was found low (<1%).
There is also no evidence of retention or physiological impairment. This low ingestion rate
suggests that microplastic ingestion is a rare and transient event with limited potential for
accumulation. Hankins et al. (2018) similarly found that scleractinian corals can egest most of
ingested plastic particles. This finding reduces the likelihood of digestive blockages or chronic
retention. Rotjan et al. (2019) also found selective ingestion and subsequent egestion in the
temperate coral Astrangia poculata. To conclude, ingestion does not necessarily translate to

long-term accumulation or harm.

However, contrasting findings exist. Zhou et al. (2023) reported that some coral species, such
as Porites pukoensis, can accumulate MPs, leading to physiological disruptions. The absence
of accumulation in this study suggests that susceptibility to MP retention may be species-
specific. Although Bove et al. (2023) found that MP exposure may trigger immune responses
in the absence of growth or behavioral changes, it seems the effect of microplastics can be
influenced by factors such as feeding mode, particle size, or developmental stage. This
interpretation is supported by Berry et al. (2019), who observed limited MP effects on coral
fertilization and larval development. It seems coral larvae is somehow resilient during early
life stages. McCormick et al. (2020) further emphasized that MP ingestion alone may not alter

behavior or survival unless compounded by other stressors or environmental degradation.

Collectively, these findings provide more insights into coral larval interactions with
microplastics. Although ingestion of small particles does occur, there is no evidence of
accumulation or adverse effects on early development. Future research should aim to clarify

under which conditions MP ingestion might progress to accumulation.
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4.2 Impacts of Microplastics on Juvenile and Adult Corals

4.2.1 Life-stage dependent Sensitivity to microplastics

The experimental findings demonstrate a clear life-stage-dependent sensitivity to microplastics
(MPs) in A. tumida. Juvenile corals exhibit pronounced vulnerability to polypropylene (PP)
exposure. In juvenile 4. tumida, exposure to PP significantly impairs essential growth metrics.
Surface area expansion decreases to 117.7% in PP treatments compared to 139.2% in controls
and polyp counts decline further relative to controls. Photochemical efficiency is similarly
compromised, as indicated by notable increases in gray scale values and reductions in Fo. In
contrast, exposure to PET shows no credible impact on growth or photochemical parameters,
while sediment treatment does not affect these metrics either—except that it significantly
reduces polyp numbers. However, those mentioned adverse effects were not seen in the

experiments of adult corals.

Adult A. tumida are resilient under all treatment conditions. Measurements of buoyant weight
remained stable across all treatments, with Bayesian models indicating negligible impact (R?
= 0.99 and credible intervals overlapping zero). Photochemical parameters in adult colonies
similarly showed no credible changes, with wide credible intervals and high percentages
indicating little to no effect. This resilience is consistent with previous studies; for example,
Grillo et al. (2021) reported short-term resilience in adult Porifes against microplastic
exposure, as evidenced by the absence of mortality or activation of stress biomarkers following
polystyrene ingestion. Such resilience in adults may be attributed to physiological adaptations,
such as enhanced heterotrophic capacity and energy reserves, as demonstrated by corals in
turbid environments (Anthony, 2000). Goodkin et al. (2011) revealed that Hong Kong corals
not only thrive under high turbidity but also endure large fluctuations in salinity and
temperature—conditions that most tropical reef corals typically cannot tolerate. In comparison,
studies on tropical adult corals have reported adverse effects, for example, bleaching and tissue
necrosis (Hierl et al., 2021; Reichert et al., 2018). The apparent tolerance toward microplastics

may result from an adaptive response by corals to these variable environmental conditions.

The heightened sensitivity observed in juveniles may result from developmental limitations.
Early life stages are typically characterized by underdeveloped protective mechanisms,

including less robust mucus production and immature associations with symbiotic algae, which
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render them more vulnerable to environmental stressors. Across multiple studies, juvenile
corals are consistently shown to be more sensitive to environmental stressors than adults. This
heightened sensitivity is reflected in higher mortality rates under pollution and disturbance
(McKenna et al., 2001; Tietjen et al., 2025), challenges in establishing symbiosis (Yuyama et
al., 2018), and limited capacity to sustain energetically costly stress responses such as mucus
production (Bessell-Browne et al., 2017; Brown & Bythell, 2005). Therefore, the immaturity
and unstable of symbiosis of juveniles results in limited energy reserve and ability to stress
induced by microplastics. Additionally, juveniles have a higher surface-to-volume ratio,
potentially increasing interactions with suspended MPs and thereby exacerbating physiological
stress. This study also noted a reduction in polyp counts under PP exposure, suggesting either
physical disruption of polyp budding or compromised tissue integrity. Similar reductions in
polyp numbers have been reported under other stressors, such as competition with macroalgae
(Webster et al., 2015), indicating that polyp suppression may be a generalizable response to
environmental challenges. The reduce surface area and polyp number highlight the

vulnerability of juvenile corals at both structural and functional levels.

Despite the observed short-term resilience in adult corals, it is important to recognize that
chronic MP exposure could pose latent risks over longer timescales. Prolonged exposure may
result in the gradual depletion of energy reserves, diminished reproductive success, or
increased vulnerability to secondary stressors such as pathogenic infections or thermal
anomalies. Therefore, while the protection of juvenile corals is critical for reef recruitment and
future resilience, comprehensive long-term studies on adult impacts remain necessary to fully

assess the ecological consequences of persistent MP exposure.

4.2.2 Different toxicity of microplastic polymers

The results reveal significant polymer-specific differences in the toxicity of microplastics to 4.
tumida. Juvenile corals exposed to PP exhibit clear signs of stress compared to those exposed
to PET or sediments. PP exposure results in a notable increase in grey scale values and a
reduction in Fo, accompanied by non-significant declines in Fv/Fm and Abs. These changes
suggest early bleaching events, possibly due to partial loss of symbionts or degradation of
pigments. In contrast, exposure to PET produces no significant changes in growth or

photochemical responses, and sediment treatments leave these parameters largely unaffected—
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except for a marked reduction in polyp numbers. Overall, PP is evidently more toxic than both
PET and sediment, and these findings are consistently supported by Bayesian statistical

models.

These results align with existing research on microplastic toxicity in marine systems. For
example, Chen et al. (2022) reported oxidative stress and tissue damage in juvenile Goniopora
columna exposed to polyethylene (PE), a polymer sharing PP’s buoyant and hydrophobic
properties. Corinaldesi et al. (2021) showed that PP caused the most severe effects—reduced
feeding, excess mucus production, tissue damage, microbial shifts, and elevated stress gene
expression—among the five tested polymers (PP, PE, PS, PET, and PVC), likely due to its
buoyancy and biofilm-coated surface mimicking food cues that led to higher ingestion by
corals. In addition, the different densities of PP, PET and sediment influence their suspension
in vertically mixed water and thus coral accessibility. PP, with low and uniform density, likely
stays suspended and causes the most severe effects; sediment, with variable density and shapes,
may be partially resuspended and has moderate effects; and dense PET, with narrow high-

density range, sinks quickly, resulting in minimal impact.

The minimal effect of PET and sediment align to the result of Ng and Todd (2023), which also
highlight the PET, with lower density than sediment, may pose less shear force on corals. The
sinking property and relative low density of PET result in lower exposure and shearing force
on coral. Corals in Hong Kong survived under turbid water are adapted to heavier load of
settling particles. Apart from growth, photosynthesis is normal under PET treatment and
another study shows coral is capable to maintain normal photosynthesis under 10x higher
concentration of PET particles than 10 mg/L, used in present study. Therefore, PET may pose
lower physical disruption than PP and sediment. For sediment, polyp count reduction is
recorded without reduced tissue expansion or sign of bleaching. Polyp formation is a process
after tissue expansion (Lin et al., 2022). Normal tissue expansion but budding suppression
indicate a slower growth of juvenile in sediment treatment. PP treatment, however, suppress
both tissue expansion and polyp formation. Low density of PP particles encourages the
resuspension and thus repeated exposure, which increases the energy expense during clearance

processes, although coral found to capable to ingest and egest microplastics.

Apart from inhibiting growth, bleaching was also evident, as demonstrated by increased grey

scale values coupled with a decline in Fo. The reduction in Fo indicates lowered total
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fluorescence, which may result from a diminished density of symbionts. Similar bleaching
responses have been observed following exposure to other polymers such as PVC (Rotjan et
al., 2019), PE (Syakti et al., 2019), and PS (Su et al., 2020). These effects may arise either from
a direct disruption of coral physiology or indirectly through a reduction in photosynthesis
caused by shading from microplastics. Moreover, some studies have observed an increased
Fv/Fm value as a short-term compensatory response to shading (Reichert et al., 2019; Rocha
et al., 2020); however, this study recorded a reduced Fv/Fm value. This discrepancy may be
explained by the low-light tolerance of the experimental species, A. tumida, which is adapted
to the turbid waters of Hong Kong (Yeung et al., 2021). Additionally, several Acropora species
have been observed to shift towards a more heterotrophic mode under turbid conditions
(Travaglione et al., 2023; Zweifler et al., 2024), suggesting that rather than enhancing
photosynthetic efficiency, heterotrophy may be the primary strategy by which A. tumida

survives in both experimental and native environments.

4.3 Distribution of Microplastics in Corals and Habitats in Mirs Bay

4.3.1 Coral skeletons as a long-term Sink

The findings obtained in this study reinforce that stony corals are not merely transient traps for
microplastics (MPs) but may serve as long-term living sinks. Recent research has suggested
that coral skeletons serve as biological “time capsules” for MPs (Corona et al., 2020; Reichert
et al., 2022). In current work, coral skeletons contained approximately 10 to 15-fold more MPs
(per unit volume) than surrounding sediments. The posterior estimates consistently showed
significant accumulation by polymers PE, PET, PP and PS. In addition, the lower zero inflation
in skeletons relative to sediments (see Fig. 3.19 B) indicates the significant accumulation in
skeletons. This supports the idea that coral skeletons may serve as long-term archives,
preserving a cumulative record of MP exposure. Such accumulation in corals likely arises from
multiple processes. One possibility is heterotrophic ingestion, whereby coral polyps capture
MP particles and subsequently translocate them from tissue into the skeleton via ingestion
processes (Hall et al., 2015; Reichert et al., 2018). Alternatively, MPs that settle onto the coral
coenosarcs may become passively entrapped by overgrowth and subsequently sealed into the

aragonite matrix.
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In addition to comparisons with adjacent sediments, internal contrasts between coral
compartments provide further insight into the retention mechanisms. On average, the coral
skeleton archived approximately 71% of the total MPs affirming its dominant role in long-term
sequestration. However, the tissue compartment accounted for a considerable proportion of the
total MP load in specific locations (e.g., 47.7% at Tung Ping Chau and 38.0% at Crooked
Island), potentially reflecting spatial heterogeneity in environmental exposure or variability in
local environment (Lo et al., 2018; Tsang et al., 2017). Despite these variations, the broader

pattern remains that most MPs are ultimately archived in the skeletal matrix.

The protective aragonite structure of coral skeletons provides an environment that minimizes
the risk of resuspension and degradation, ensuring that embedded MPs remain immobilized
over extended timeframes (Raguso et al., 2022; Reichert et al., 2022). By capturing both the
quantity and polymer diversity of microplastics, the coral skeleton offers a temporally
integrated signal of MP exposure, which is of considerable value for marine pollution

monitoring (Corona et al., 2020; Tang et al., 2021). The findings support the view that coral

skeletons represent the primary biogenic sink for microplastics within reef systems, providing

a critical archive of historical and ongoing plastic contamination.

4.3.2 Spatial and sample-type patterns in polymer composition

Spatial patterns in skeletal polyethylene (PE) concentrations varied significantly among sites
within Mirs Bay, as supported by Bayesian generalized linear mixed models (GLMMs). Coral
skeletons at Port Island and Double Island exhibited statistically higher PE loads relative to the
Tung Ping Chau Marine Park. Meanwhile, Crooked Island showed elevated microplastics
concentrations but did not differ significantly from all other sites. Port Island, Double Island
and Crooked Island are on the West of the bay and proximate to the mouth of Tolo Harbour
and adjacent to Yantian International Container Terminal, which are potentially sources of
urban pollution. Tung ping Chau, however, locate in a marine park at the eastern margin of the
Bay, where is more rural and sparsely populated. It seems the sites near the urban area are
positively associated with increasing microplastic concentration in the bay. These results are in
line with previous investigations that proximity to anthropogenic sources was linked to

elevated microplastic loads in biogenic structures (Reichert et al., 2022; Tsang et al., 2017).
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Coral skeletons accumulated higher amount of microplastics, especially PE, but it may not
represent the environmental concentration. The MPs concentration did not differ significantly
across sites in sediment, which is considered as a proxy for ambient concentration in several
studies (Cheang et al., 2018; Lo et al., 2018; Tsang et al., 2017). Bayesian analysis revealed no
credible site-level differences in sediment PE concentrations, with all credible intervals
overlapping zero. It implied that PE at the seabed level was relatively uniform throughout Mirs
Bay. Similar conclusions were drawn by Tsang et al. (2017), who reported spatial uniformity

in sediment microplastic levels despite marked differences in nearby urban impacts.

Consequently, the spatial differences in skeletal PE accumulation are unlikely to be explained
solely by variations in seabed exposure. Instead, these patterns likely reflect biologically
mediated retention processes such as mucosal trapping, particle ingestion, and subsequent
skeletal overgrowth, combined with variations in local exposure dynamics not captured by
sediment sampling (Jandang et al., 2024; Reichert et al., 2022). The observed enrichment of
PE in coral skeletons at urban-proximate sites may thus represent a combined outcome of
cumulative exposure history and ecological filtering mechanisms. These findings align with
the proposition by Reichert et al. (2022) that skeletal microplastics are likely the product of
both biological and spatially influenced rather than as a direct indicator of ambient microplastic
concentrations. Another study also report PE is found highest amount in coral among the other
polymers Raguso et al. (2022). Although the study does not provide the ambient PE

concentration, it still proves the enrichment of PE in corals.

In contrast, while polypropylene (PP) was also frequently detected in coral compartments, the
statistical differentiation among tissue, skeleton, and sediment was not significant. While both
polyethylene terephthalate (PET) and polystyrene (PS) showed proportionally higher
concentrations in the skeletons relative to other compartments, these patterns lacked statistical
robustness. Similar patterns are also reported in other studies (Cheang et al., 2018; Ding et al.,
2019). Occasionally, a few particles identified as nylon, polytetrafluoroethylene (PTFE), or
polyvinyl chloride (PVC) were detected in skeletal samples but lack of statistical significance.
The presence of rare polymers might reflect occasional environmental exposure rather than

consistent retention patterns.
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Chapter 5 - Conclusion

5.1 Summary of Key Findings

This thesis set out to clarify the influence of microplastics (MPs) on hard corals across their
life-history trajectory, addressing a gap in the literature in which most studies have treated life
stages and exposure routes in isolation. Three principal questions were posed: (1) to what extent
MPs affect larval settlement, post-settlement growth and the acquisition of Symbiodinium; (2)
how polymer types affect the growth and photosynthesis of juvenile and adult colonies; and
(3) whether reef-building corals act as long-term sink for MPs, and, if so, which polymers

prevail in their skeletons relative to surrounding sediments.

To resolve these questions a multi-level experimental—field framework was adopted. In the
laboratory, Acropora tumida larvae, juveniles and adults were exposed to different
concentration and sources of microplastics, e.g. polystyrene (PS), polypropylene (PP) and
polyethylene terephthalate (PET). Responses were evaluated with Bayesian generalised linear
mixed-effects models (GLMMs), a statistical approach that yields probabilistic estimates
robust to small and heterogeneous datasets. Field sampling in Mirs Bay quantified MPs in
paired samples of P. acuta skeletons and adjacent sediments via Raman mapping and three-

dimensional volumetric normalization.

Stage-specific sensitivities emerged. For larvae, conditioning of the settlement substrate
explained most variation in settlement success, whereas PS combined with zooxanthellae
suppressed settlement on conditioned tiles by 38 %, implying that PS-altered symbiont cues
can override positive biofilm signals. PS ingestion was negligible, supporting observations that
early coral stages can rapidly egest small plastic particles. Juveniles proved highly susceptible
to PP: tissue expansion and polyp budding declined by 16-22 % and early photochemical
indicators signaled bleaching, while PET and natural sediment elicited only subtle effects.
Adults, in contrast, maintained buoyant weight and photosynthesis efficiency under all
treatments, indicating short-term tolerance likely sustained by heterotrophic feeding and

mucus-mediated clearance.
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In field study, coral skeletons contained MP concentrations an order of magnitude higher than
neighbouring sediments, with PE fragments (30—100 um) dominant at urban-proximate sites,

confirming skeletons as living archives of microplastic pollution (Reichert et al., 2022).

The study advances knowledge on several fronts. First, by integrating responses across life
stages it refines ecological-risk assessments that have hitherto assumed uniform coral
sensitivity. Second, the demonstration that PP is markedly more deleterious than PET provides
polymer-specific evidence to inform source-reduction policies. Third, the coupling of Bayesian
GLMMs with Raman mapping and three dimensions scanning offers a reproducible template

for quantifying skeletal MPs and detecting subtle biological effects.

5.2 Limitations and Further Studies

Laboratory exposures were restricted to short period and thus cannot capture chronic
consequences. However, the effect of microplastic already affect recruits with adverse effect in
30 days so it may suggest the higher vulnerability of recruit in wilds. Also, this work focused
on three polymers within a limited size class (10-106 um), whereas reefs experience a broader
spectrum, including nano-scale particles and additive-laden debris. The result may not be solely
applicable to realistic consequence but rather act as a reference and comparison with other

studies to reveal some possible interaction effects between microplastics and corals.

Future studies should therefore: (1) implement long-term and multigenerational exposures to
reveal trade-offs between growth and fecundity; (2) examine the toxicity of particles in other
size range, e.g. nanoplastics, to elucidate mechanistic pathways of oxidative stress; (3) as coral
skeletons are proven as a sink of microplastics, it help to develop skeletal chronology
approaches to couple annual growth bands with polymer deposition and reconstruct historical

MP trends.

In summary, the impact of MPs on corals is heterogeneous and context-dependent, varying
with life stage, polymer identity and local environmental conditions. The findings refine
theoretical understanding, inform targeted mitigation strategies and provide a methodological
scaffold for future investigations aimed at safeguarding coral-reef resilience under escalating

anthropogenic pressure.
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