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South Pacific island ecosystems are exposed to numerous disturbances, which are both abiotic 
and human-driven in nature. However, little is known about the long-term responses (>100 year) 
of these ecosystems to such events. Palaeoecological methods can provide information about 
responses, recovery times, and extend our knowledge of vegetation change beyond recent history 
through centuries and millennia. Focusing on the South Pacific islands this thesis aims to 
understand how periods of environmental disturbance such as climate variability, fire regime 
change, human arrival, relative sea level change, and volcanic eruptions have altered ecosystems.  

Specifically, three of the thesis aims are to understand 1) how local vegetation responded to 
volcanic eruptions and sea-level change during the Mid-Late Holocene in the Tongan archipelago. 
2) To quantify at high resolution (~5 years) how the forests surrounding Lake Emaotul, Efate, 
Vanuatu, and the lake ecosystem responded to the 1450s CE Kuwae eruption and a shift towards 
drier climate conditions ~1100 cal. years BP. 3) A regional analysis of 15 sites on 13 islands, where 
the aim is to analyse regional patterns of biotic similarity throughout the past 5000 years.  

Methods used to investigate the aims of the thesis are biomarker analysis, charcoal, 
chironomids, fossil pollen and spore analysis, magnetic susceptibility, radiocarbon dating, tephra 
analysis, and XRF. Additionally, statistical techniques such as Bray-Curtis similarity, cluster 
analysis, ordination, and regression models were used. Data from published pollen records was 
also incorporated.  

Results show that in Tonga, relative sea level was a more important driver of change for local 
vegetation than volcanic eruptions. In addition, smaller, low-elevation island littoral, mangrove, 
successional, and wetland vegetation may be more vulnerable to sea level changes than 
vegetation on larger or higher elevation islands or inland vegetation habitats such as rainforest. 
Analyses from Lake Emaotul, Vanuatu, shows that vegetation turnover increased following the 
1450s CE Kuwae eruption. Vegetation and chironomid turnover also increased following a shift 
towards drier climate conditions ~1100 cal. years BP. The Lake Emaotul analyses also reveal that a 
recent increase in burning regime led to an increase in vegetation turnover during the last ~85 
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years. Biotic similarity analyses across South Pacific islands revealed a 5000 year long trend of 
biotic homogenisation which accelerated ~3150 cal. years BP synchronous with human arrival to 
many Southwestern Pacific islands. 

Four major conclusions can be determined from this work; 1) volcanic eruptions alter 
vegetation communities in some instances and this can be captured with high-resolution pollen 
sampling strategies (e.g., the Lake Emaotul record); 2) coastal vegetation communities on low-
elevation and/or small islands may be more at risk from sea level rise; 3) vegetation and 
chironomid communities are sensitive to decreases in precipitation, and 4) human presence on 
South Pacific islands may have led to enhanced biotic homogenisation. These analyses extend our 
knowledge of ecological change on South Pacific islands and highlight the importance of 
environmental disturbances as drivers of ecosystem change.  



Table of Contents 

6 

 

Table of Contents 

Table of Tables ........................................................................................................... 11 

Table of Figures .......................................................................................................... 13 

Research Thesis: Declaration of Authorship ................................................................ 19 

Acknowledgements .................................................................................................... 20 

Definitions and Abbreviations ..................................................................................... 23 

Chapter 1 Introduction ............................................................................................. 25 

1.1 Thesis aim ................................................................................................................. 25 

1.2 Geography of the Pacific islands .............................................................................. 25 

1.3 Biodiversity of the Pacific islands ............................................................................. 26 

1.4 Pacific islands and environmental change ............................................................... 28 

1.5 Human arrival on Pacific islands............................................................................... 30 

1.6 Detection of human occupation within sediment cores.......................................... 32 

1.7 Past human impacts on island biodiversity .............................................................. 32 

1.8 Main abiotic drivers of change on Pacific islands .................................................... 34 

1.8.1 Holocene climate change and cyclones ........................................................... 34 

1.8.2 Sea-level change during the Holocene ............................................................. 36 

1.8.3 Volcanism and tsunamis during the Holocene................................................. 37 

1.8.4 Ecosystem responses and similarity ................................................................. 38 

1.8.5 Ecosystem recovery, resilience, and resistance ............................................... 40 

1.9 Outstanding questions ............................................................................................. 40 

1.10 Study setting ............................................................................................................. 41 

1.11 Research questions .................................................................................................. 42 

Chapter 2 Influences of sea level changes and volcanic eruptions on Holocene 

vegetation change in Tonga. ..................................................................... 44 

2.1 Abstract .................................................................................................................... 44 

2.2 Introduction .............................................................................................................. 44 

2.3 Methods ................................................................................................................... 47 

2.3.1 Study sites ........................................................................................................ 47 



Table of Contents 

7 

 

2.3.2 Coring site at Ngofe Marsh on ‘Uta Vava’u Island ........................................... 48 

2.3.3 Radiocarbon dating for Ngofe Marsh ............................................................... 48 

2.3.4 Palynomorph and charcoal extraction, identification, and counting .............. 48 

2.3.5 Palaeoecological information of the additional pollen records ....................... 49 

2.3.6 Vegetation groupings ....................................................................................... 49 

2.3.7 Sediment and tephra analysis .......................................................................... 51 

2.3.8 Tephra content and tephra shard geochemistry ............................................. 51 

2.3.9 Stratigraphic descriptions of sedimentary sequences. .................................... 51 

2.3.10 Holocene sea-level change ............................................................................... 52 

2.3.11 Statistical analysis ............................................................................................. 52 

2.4 Results ...................................................................................................................... 52 

2.4.1 Pollen, spores, and charcoal records for Ngofe Marsh ................................ 52 

2.4.1.1 Pollen assemblage zone one: 639–414cm (7440–4920 cal years BP): . 52 

2.4.1.2 Pollen assemblage zone two: 414–206cm (4920–2040 cal years BP) .. 53 

2.4.1.3 Pollen assemblage zone three: 206–44 cm (2040–430 cal years BP) ... 53 

2.4.2 Tephra falls from volcanic eruptions ................................................................ 53 

2.4.3 Regional analyses of multiple pollen records from Tonga ............................... 55 

2.5 Discussion ................................................................................................................. 59 

2.5.1 Regional trends and drivers of vegetation change .......................................... 59 

2.5.2 Relative sea-level and direction of vegetation changes .................................. 60 

2.5.3 A summary of 7400 years of vegetation change at Ngofe Marsh, Uta Vava’u 

Island, Vava’u group ......................................................................................... 61 

2.5.4 Island size and vulnerability to relative sea level changes............................... 62 

2.6 Conclusions ............................................................................................................... 63 

2.7 Acknowledgements .................................................................................................. 63 

2.8 Author contributions ................................................................................................ 64 

Chapter 3 Island ecosystem responses to the Kuwae eruption and precipitation 

change over the last 1600 years, Efate, Vanuatu ....................................... 65 

3.1 Abstract .................................................................................................................... 65 



Table of Contents 

8 

 

3.2 Introduction .............................................................................................................. 66 

3.3 Materials and methods ............................................................................................ 68 

3.3.1 Site description ................................................................................................. 68 

3.3.2 Climate and regional vegetation ...................................................................... 69 

3.3.3 The Kuwae eruption ......................................................................................... 70 

3.3.4 Human arrival and settlement ......................................................................... 71 

3.3.5 Sample collection ............................................................................................. 71 

3.3.6 Tephra analysis and dating ............................................................................... 72 

3.3.7 Carbon-to nitrogen ratio .................................................................................. 72 

3.3.8 Pollen and spore analysis ................................................................................. 73 

3.3.9 Charcoal analysis .............................................................................................. 73 

3.3.10 Chironomid analysis ......................................................................................... 73 

3.3.11 Zonation and ordination analyses .................................................................... 74 

3.4 Results ...................................................................................................................... 75 

3.4.1 Tephra analysis ................................................................................................. 75 

3.4.2 Vegetation dynamics: pollen and spore zonation ............................................ 76 

3.4.3 Chironomids ..................................................................................................... 79 

3.4.4 Core stratigraphy, AP/NAP, and C/N dynamics................................................ 80 

3.4.5 Vegetation and chironomid turnover and Canonical correspondence analysis 

(CCA) ................................................................................................................. 82 

3.5 Discussion ................................................................................................................. 83 

3.5.1 The impact of precipitation changes on terrestrial and lacustrine ecosystems

 83 

3.5.2 The Kuwae eruption led to significant changes in vegetation diversity .......... 84 

3.5.3 Recent changes in fire regime .......................................................................... 86 

3.6 Conclusion ................................................................................................................ 87 

3.7 Acknowledgements .................................................................................................. 87 

3.8 Author contributions ................................................................................................ 88 

Chapter 4 Biotic homogenisation on South Pacific islands during the last 5000 years 89 

4.1 Abstract .................................................................................................................... 89 



Table of Contents 

9 

 

4.2 Introduction .............................................................................................................. 89 

4.3 Methodology ............................................................................................................ 91 

4.3.1 Study site .......................................................................................................... 91 

4.3.2 Acquisition of pollen datasets .......................................................................... 91 

4.3.3 Age-depth models ............................................................................................ 92 

4.3.4 Harmonisation of pollen datasets .................................................................... 92 

4.3.5 Statistical analyses ........................................................................................... 93 

4.4 Results ...................................................................................................................... 94 

4.5 Discussion ................................................................................................................. 96 

4.5.1 Non-anthropogenic drivers of biotic homogenisation ..................................... 97 

4.5.2 Biotic homogenisation linked to novel anthropogenic drivers ........................ 97 

4.5.3 Limitations and conclusions ............................................................................. 99 

4.6 Acknowledgements ................................................................................................ 100 

4.7 Author contributions .............................................................................................. 100 

Chapter 5 Discussion and conclusions......................................................................101 

5.1 Overview................................................................................................................. 101 

5.2 Research questions, answered ............................................................................... 101 

5.2.1 What is the effect of relative sea-level fluctuations and volcanic eruption 

drivers on island vegetation change in Tonga? .............................................. 101 

5.2.2 What are the relative effects of the 1450s CE Kuwae eruption, ~1100 cal. 

years BP drying trend, and changing fire regime on vegetation? .................. 102 

5.2.3 Have South Pacific islands plant communities become more similar or 

dissimilar during the past 5000 years? .......................................................... 103 

5.3 Recovery, resilience, and resistance ...................................................................... 103 

5.4 Limitations and future research ............................................................................. 105 

5.5 Conclusions ............................................................................................................. 109 

Appendix A Previous palaeoecological studies from the Pacific region ........................110 

Appendix B Supplementary information for chapter 2 ...............................................120 

Appendix C Supplementary information for chapter 3 ...............................................131 



Table of Contents 

10 

 

Appendix D Supplementary information for chapter 4 ...............................................147 

Appendix E Faecal biomarker extraction and data analysis ........................................158 

E.1.1 Methodology .................................................................................................. 158 

E.1.2 Results and discussion .................................................................................... 159 

Bibliography ..............................................................................................................162 



Table of Tables 

11 

 

Table of Tables 

Table 1-1 Summary of threats to terrestrial to flora and fauna on Pacific island ecosystems. ... 27 

Table 1-2 Definitions of environmental change or disturbances in this report, duration of the 

change and example studies. .......................................................................... 29 

Table 1-3 Summary of selected sites for case studies. ................................................................ 42 

Table 2-1 List of the six vegetation groups used to classify the fossil pollen taxa: littoral, mangrove, 

rainforest, successional, or disturbance, wetland, and others. Information on the 

vegetation classifications and description is inferred from on contemporary 

vegetation ecology based on Whistler (1992), and Ellison (1990). ................. 50 

Table 2-2 Temporal trends of littoral, mangrove, rainforest, successional/ disturbance, and 

wetland vegetation groups as revealed by linear models. R2 are reported to 

show the strength of relationships and p-values indicating significance are given 

in parentheses For significant results, the directions of the coefficients are given 

(positive or negative relationship). .................................................................. 56 

Table 5-1 Previous palaeoecological studies using fossil pollen on Pacific islands. .................. 110 

Table 5-2 Site and island characteristics. Maximum island elevation, island area, and island type 

come from Nunn et al. (2016). ...................................................................... 121 

Table 5-3 Radiocarbon dates from Ngofe Marsh. Dates were provided by SUERC NERC 

Radiocarbon Laboratory. *Outlier (not included in age-depth model). ........ 123 

Table 5-4 Description of the explanatory variables included in the analysis for each site. Relative 

sea-level (RSL) and tephra layers. All calibrated years are extracted from the age-

depth models. ................................................................................................ 123 

Table 5-5 Radiocarbon and Pb210 dates, cc refers to the calibration curve used in rbacon (Blaauw 

and Christen, 2011). ...................................................................................... 131 

Table 5-6 Summary of the mean temporal resolution of palaeoecological methods used in this 

study proxies. ................................................................................................. 136 

Table 5-7 Canonical Correspondence Analysis correlation scores. ........................................... 139 



Table of Tables 

12 

 

Table 5-8 Palaeoecological change indicated from chironomids and pollen in aquatic and 

terrestrial settings attributed to volcanic ash fallout in Oceania and South 

America. ......................................................................................................... 140 

Table 5-9 Palaeoecological records included in this study (part 1). .......................................... 147 

Table 5-10 Palaeoecological records included in this study (part 2). ........................................ 150 

Table 5-11 Descriptions of the pollen data after harmonisation and prior to binning ............. 153 



Table of Figures 

13 

 

Table of Figures 

Figure 1-1 Remote Oceania and paths of colonisation, redrawn from Matisoo-Smith (2015). .. 25 

Figure 1-2 Sea level change for Tongatapu over the past 6000 years digitised from Fukuyo et al. 

(2020). The model output used was with lithospheric thickness of 65 km, lower 

mantle viscosity of 2 (1020 PaS), and upper mantle viscosity 1 (1022 Pa S)...... 37 

Figure 2-1 Left panel: the Northern Tongan Island groups and locations of study sites. The 

stratigraphic pollen sites are; a) Ngofe Marsh on ‘Uta Vava’u Island (this study) 

and Avai’o’vuna Swamp on Pangaimotu Island (Fall, 2005), b) Lotofoa Swamp on 

Foa Island, and c) Finemui Swamp on Ha’afeva Island (Flenley et al., 1999). 

Satellite imagery is from ESRI (2022). .............................................................. 46 

Figure 2-2 Pollen, spores, and charcoal from Ngofe Marsh; pollen and spore percentages display 

taxa >2%. Pollen and fern spores are included in the total sum. Uncertain 

identifications have been omitted from the CONISS calculations (Grimm, 1987). 

Zonation is based on the CONISS dendrogram and represented as fine dashed 

lines. Tephra layers are indicated as T1-T5 on the left-hand side and are shaded 

in blue. The potential timing of human arrival (HA) is represented as a purple 

dashed line based at ~2670 cal. years BP. The timing of the Mid-Late Holocene 

RSL high stand, according to Fukuyo et al. (2020), is shown on the right-hand 

side. .................................................................................................................. 55 

Figure 2-3 Temporal change of vegetation groups for each island using local polynomial regression 

fitting. The four sites are organised from north to south: a) Ngofe Marsh (‘Uta 

Vava’u Island), b) Avai’o’vuna Swamp (Pangaimotu Island), c) Lotofoa Swamp 

(Foa Island) and d) Finemui Swamp (Ha’afeva Island). Trend lines indicate 

changes in fossil pollen percentages for successional/disturbance related taxa 

(pink), littoral taxa (olive green), mangrove taxa (green), rainforest taxa (blue) 

and wetland taxa (purple). Confidence intervals of 95% are shown in grey. The 

RSL curves (dashed black line) are redrawn from Fukuyo et al. (2020) for each 

site. Tephra layers are shown as vertical dashed lines. ................................... 58 

Figure 3-1 A) The location of Vanuatu within the Pacific Ocean; B) the Southern and central islands 

of Vanuatu, the red triangle indicates the location of the Kuwae submarine 



Table of Figures 

14 

 

caldera; C) The island of Efate. Yellow circles indicate the location of 

archaeological sites and the red crosses indicate palaeoecological sites including 

Lake Emaotul (Wirrmann et al., 2011, Combettes et al., 2015). D and E are 

photographs taken from the shore of Lake Emaotul in October 2015. .......... 69 

Figure 3-2 Major element composition of the volcanic glass identified between depth compared 

with known sources where possible................................................................ 76 

Figure 3-3 Pollen percentage diagram for Lake Emaotul showing pollen and spores that have been 

taxonomically identified and have >1% abundance in any one sample. Taxa are 

grouped into trees and shrubs (green), dryland herbs (red), wetland herbs 

(yellow), other herbs (orange), aquatic plants (blue), and ferns and fern allies 

(brown). Taxa that occur in low abundances have been shown with x 5 

exaggeration (paler shaded areas). The purple-shaded area represents the area 

where Kuwae volcanic tephra was identified, and the pale blue shaded area is 

the period of climate shift from wetter to drier conditions. ........................... 79 

Figure 3-4 Chironomid percentage diagram, the period of climate transition from wetter to drier is 

shown in pale blue and the Kuwae tephra is shown as a purple shaded area.80 

Figure 3-5 Summary diagram of methods used in the study. From left to right: magnetic 

susceptibility (tephra/erosion), Ti/ incoherent scatter (erosion), reconstructed 

precipitation rate mm d-1 and 2Hdinosterol all redrawn from Maloney et al. 

(2022). What follows is new data from this study; micro- and macro charcoal 

particle concentrations per cm3, indicating regional and local fires. Arboreal 

pollen/ non arboreal pollen ratio (AP/NAP) indicating forest openness, C/N 

indicating organic matter source, and chironomid and vegetation turnover (DCA 

axis 1 scores). The purple shaded area represents samples where Kuwae volcanic 

tephra is present. The blue shaded area represents the transition from wetter to 

drier conditions during the onset of the 1100 cal. years BP shift to drier climate 

conditions. The red dashed lines are consistent with zonal divisions within the 

pollen diagram. The mean temporal resolution, where 1 cm of sediment 

represents 5 years (1–8 year range) for all the palaeoecological proxies is shown 

in the supplementary information. The mean error for each 1 cm slice of the 

core was 140 years (95% confidence ranges). ................................................. 81 



Table of Figures 

15 

 

Figure 3-6 Canonical correspondence analysis (CCA) of pollen percentages. Environmental 

variables include regional fires (micro-charcoal), local fires (macro-charcoal), 

precipitation rate (mm d-1), erosion (Ti/ incoherent scatter), and volcanic 

eruptions/ erosion (magnetic susceptibility). Pollen assemblages are coloured 

according to their zones. ................................................................................. 83 

Figure 4-1 Proportions for each site showing the partitioned Bray-Curtis similarity homogenising 

trends (<0 slope coefficients) in orange and differentiating trends (>0 slope 

coefficients) in blue over time. Circles with solid leader lines are sites estimated 

to have been settled ~3000 cal. years BP and squares with dashed leader lines 

are sites estimated to have been settled ~700 cal. years BP. Island names follow 

site names in parentheses. X- and Y- axis represent longitude and latitude 

respectively (º). ................................................................................................ 94 

Figure 4-2 The direction and steepness of the biotic similarity trends between sites based on 

pairwise Bray-Curtis similarity slope coefficients. Sites are organised by elevation 

with the lowest (sea level) on the left to the highest on the right (760 m.a.s.l). 

Data points above the horizontal dashed line are differentiating trends and 

below this line are homogenising trends. ....................................................... 95 

Figure 4-3 Breakpoint linear model showing pairwise Bray-Curtis similarity scores among all 15 

sites on 13 islands, over the past 5000 years. The blue shaded area shows the 

95% confidence interval. See Figure 5-18 for version displaying all datapoints.96 

Figure 5-1 The location of the Ngofe Marsh core. Imagery date 29th April 2017 (Google Earth Pro, 

2023). ............................................................................................................. 120 

Figure 5-2 Age-depth model for a) Ngofe Marsh, b) Avai’o’vuna Swamp, c) Lotofoa Swamp and d) 

Finemui Swamp. ............................................................................................ 124 

Figure 5-3 Magnetic susceptibility (Vol. Susc.Meas. in SI) and Ti/incoherent scatter for Ngofe 

Marsh. Blue shading indicates confirmed tephra layers labelled T1-T5. The ages 

are inferred from the age-depth model. ....................................................... 125 

Figure 5-4 Key pollen and spores from Ngofe Marsh, Tongan names are in brackets. 1. 

Amaranthaceae, 2. Arecaceae type-2, 3. Bischofia, 4. Casuarina (toa), 5. Cocos 

nucifera (niu), 6. Cyperaceae, 7. Dysoxylum (mo‘ota), 8. Eleaocarpus 

(ma‘ama‘alava), 9. Homalanthus (fonua mamala), 10. Loranthaceae, 11. 



Table of Figures 

16 

 

Macaranga (loupata), 12. Melastomataceae, 13. Microsorum, 14. Pandanus 

(fafa), 15. Poaceae, 16. Polygonaceae, 17. Pouteria, 18. Rhamnaceae, 19. 

Rhizophoraceae, 20. Rhus (tavahi), 21. Stenochlaena (pasivaka), 22. Syzygium 

(fekika), 23. Trema (mangele). ....................................................................... 126 

Figure 5-5 Pollen diagram with CONISS dendrogram. Pollen percentage diagram from Ngofe 

Marsh displaying taxa >2%. Pollen and fern spores are included in the total sum. 

Varia have been omitted from the CONISS calculations (Grimm, 1987). Zonation 

is based on the CONISS dendrogram and represented as fine dashed lines. 

Tephra layers are indicated as T1-T5 and are shaded in blue.  Human arrival (HA) 

is represented as a purple dashed line. The pollen diagram was created using 

Tilia software (Grimm, 1990). ........................................................................ 128 

Figure 5-6  Stacked pollen sums for a) Ngofe Marsh, b) Avai’o’vuna Swamp, c) Lotofoa Swamp and 

d) Finemui Swamp grouped into successional/ disturbance, littoral, mangrove, 

rainforest, and wetland vegetation. Horizonal dashed lines indicate the location 

of tephra layers. Note that Cyperaceae has been removed from the Ngofe Marsh 

wetland group since it dominated the pollen record. ................................... 128 

Figure 5-7 A. Hypothetical distribution of vegetation habitat types around Ngofe Marsh ~6000–

5000 cal. years BP. B. recent distribution of land-use types from LINZ 

(2019).Supplementary information for chapter 3 ......................................... 129 

Figure 5-8 GPCP satellite-gauge 1979 to 2021 mean precipitation mm/day (provided by the 

NOAA/OAR/ESRL PSL, Boulder, Colorado, USA, from their website at 

https://psl.noaa.gov/) (Adler et al., 2003). The yellow dashed line indicates the 

extend and direction of the S PCZ in La Niña conditions and the coarse green 

dashed line shows the extent during El Niño conditions. ............................. 131 

Figure 5-9 rbacon age-depth model for Lake Emaotul, Efate, Vanuatu calibrated using the 

Southern Hemisphere calibration curve (Hogg et al., 2020). (RStudio Team, 2015, 

Blaauw and Christen, 2011, R Core Team, 2017) after Sear et al (2020) and 

(Maloney et al., 2022). ................................................................................... 134 

Figure 5-10 Key pollen and spore types. 1. Acalypha. 2. Amaranthaceae/ Caryophyllaceae. 3. 

Barringtonia. 4. Casuarina. 5. Davalliaceae. 6. Erythrina. 7. Euphorbiaceae/ 

Rubiaceae. 8. Hibiscus tiliaceus. 9. Homalanthus. 10. Hypolepis. 11. Leucaena. 



Table of Figures 

17 

 

12. Lycopodiella cernua. 13. Macaranga. 14. Meliaceae. 15. Nymphoides. 16. 

Pandanus. 17. Phyllanthus. 18. Poaceae. 19. Polygonaceae. 20. Sapindaceae. 21. 

Sapotaceae. 22. Solanaceae. 23. Trema. 24. Trilete gemmate spore. 25. Trilete, 

psilate spore. ................................................................................................. 135 

Figure 5-11 Scanning electron microscope images of pumice from 160–166 cm. .................... 136 

Figure 5-12 CONISS calculation of the pollen percentage diagram for Lake Emaotul showing pollen 

and spores which have been taxonomically identified and have >1% abundance. 

CONISS calculations were based on all taxa except those which are unidentified 

(Grimm, 1987). Taxa are grouped into trees and shrubs (green), dryland herbs 

(red), wetland herbs (yellow), other herbs (orange), aquatic plants (blue), and 

ferns and fern allies (brown). Taxa which occur in low abundances have been 

shown with x 5 exaggeration (pale shaded colours). The lilac shaded area 

represents the area where Kuwae volcanic ash was identified and the cyan 

shaded area represents the transition from wetter to drier climate. ........... 139 

Figure 5-13 Rano Aroi age-depth model updated from Flenley et al. (1999). Radiocarbon dates 

were recalibrated using the SHCal20 calibration curve using rbacon (Blaauw and 

Christen, 2011, Hogg et al., 2020). ................................................................ 152 

Figure 5-14 The length of pollen records with pollen assemblages older than 5000 cal. years BP 

removed. ........................................................................................................ 152 

Figure 5-15 Distribution of 500-year time intervals for all sites. ............................................... 153 

Figure 5-16 Smooth spline showing pairwise Bray-Curtis similarity scores among all 15 sites on 13 

islands, over the past 5000 cal. years. 1= indicate greatest similarity and 0= 

lowest similarity. ............................................................................................ 155 

Figure 5-17 Pairwise Bray-Curtis comparisons grouped by if neither, one, or both of the islands 

was settled during a time interval. N= number of pairwise comparisons. .... 156 

Figure 5-18 Breakpoint linear model showing pairwise Bray-Curtis similarity scores among all 15 

sites on 13 islands, over the past 5000 years. The blue shaded area shows the 

95% confidence interval. ............................................................................... 157 



Table of Figures 

18 

 

Figure 5-19 The ratio shown is: 5β-stanols (coprostanol and epicoprostanol) over the sum of the 

5β-stanols plus 5a-stanol (5a-cholestanol) over time. The red dashed vertical line 

shows the threshold for possible faecal matter (Prost et al., 2017). ............ 160 



Research Thesis: Declaration of Authorship 

19 

 

Research Thesis: Declaration of Authorship 

Print name: NICHOLA ANN STRANDBERG 

Title of thesis: Palaeoecological responses to environmental changes on South Pacific islands 

I declare that this thesis and the work presented in it are my own and has been generated by me 

as the result of my own original research. 

I confirm that: 

1. This work was done wholly or mainly while in candidature for a research degree at this 

University; 

2. Where any part of this thesis has previously been submitted for a degree or any other 

qualification at this University or any other institution, this has been clearly stated; 

3. Where I have consulted the published work of others, this is always clearly attributed; 

4. Where I have quoted from the work of others, the source is always given. With the exception 

of such quotations, this thesis is entirely my own work; 

5. I have acknowledged all main sources of help; 

6. Where the thesis is based on work done by myself jointly with others, I have made clear 

exactly what was done by others and what I have contributed myself; 

7. None of this work has been published before submission. 

Signature:  ............................................................. Date: 24th May 2023



Acknowledgements 

20 

 

Acknowledgements 

‘When a flower grows wild it can always survive’ from the song ‘Wildflowers’ written by 

Dolly Parton.  

‘En gång fanns rosor här där nu en stad fort växer fram’ from the song ‘Lyckliga gatan’. 

Swedish lyrics written by Britt Lindeborg and performed by Anna-Lena Löfgren.  

I would like to thank Sandra Nogué for all the support she has given me over the last four years. 

Her guidance and diligence has helped me to elevate the standard of my work and her positivity 

and enthusiasm has lifted and encouraged me in many of our meetings. Thanks for opening my 

eyes to new possibilities. I would also like to thank Mary Edwards for providing me with excellent 

comments and suggestions on my work. Despite being a leading figure in palaeoecology, she has 

always been approachable and found time to offer guidance and advice. Thanks to both Sandra 

and Mary for not only helping me to complete my research, but also for helping me to develop my 

research skills. 

Thanks to David Sear and Pete Langdon for allowing me to work on their sediment cores, for 

feedback on drafts, and for sharing useful literature.  

I would also like to thanks to Charlotte Hipkiss, I am glad we had each other to lean on during the 

past four years, I know that we will be lifelong friends, I already miss rolling my chair over for a 

chat. I am also grateful to Alvaro Castilla-Beltrán, especially for his help in my first year when I was 

just getting established in the labs and was getting acquainted with tropical pollen. His continued 

help and advice over the last four years are much appreciated.  

I am incredibly grateful to Anna Walentowitz and Manuel Steinbauer for help with R code and 

statistics. I have learned a great deal from them and am so grateful for their patience and 

enthusiasm. Thanks to Will Gosling for all the helpful comments on manuscripts and 

encouragement, it was much appreciated. Thanks to Limi Mao for educating me about mangrove 

pollen. Also, thanks to Limi, Yoshi Maezumi, and Jen O'Keefe for being my fantastic co-hosts 

during the palynology short talks seminar series we ran during the pandemic. 

Thanks to Freya Radford for many helpful conversations and coffee breaks which kept me going 

during the pandemic, I enjoyed every day we were both in the lab. Thanks to Nathaniel Baurley 

for helpful chats over the last few years especially during tough moments of the PhD. I am also 

grateful to Alistair Monteith, Ben Pears, and Thierry Fonville, I would have been lost without them 



Acknowledgements 

21 

 

all. Thanks especially to Ben for providing me with lab help and always being at the other end of 

the phone when I got stuck. Ben has been a sort of unofficial advisor to me and I am very grateful 

for his help. Thanks to Sargent Bray for supporting me during my placement at NOCS, working 

with him has been one of the highlights of the last few years and I enjoyed learning so much 

organic chemistry in his lab and having a laugh at the same time. Huge thanks to Maarten van 

Hardenbroek for welcoming me to collaborate on the PAMELA project during my placement, it 

was such a pleasure to work with him. Thanks to Helen MacKay for very interesting and enjoyable 

weeks in the organic chemistry lab at Newcastle University, I really enjoyed my time working with 

her. There were very few positive outcomes to the pandemic, but for me, one of them was getting 

to know Jo Nield better. I really enjoyed our socially distanced chats when building 44 reopened. 

It really meant a lot to me to have her friendship during that strange and isolating time. Thanks to 

Paul Hughes for some fun days of fieldwork in Wales and the New Forest, for helpful feedback on 

my progression reports, and for generally being a positive energy in the department.  

Thanks to my dad, Alec, for always showing an interest in my work and for many lunch time 

phone calls when I needed a chat or advice. Thanks to the two people who developed my interest 

in nature and science. To my grandmother, Ruth, thanks for the many walks by the River Douglas. 

Raymond Lomas, thanks for encouraging me to follow my curiosity. Thanks to Alison, Kent, and 

Gus for continued backing and practical help over the years, it means a great deal to me to have 

their support and encouragement. I would be lost without them.  

I am immensely grateful to my husband, Sander, for making all of this possible. Thanks for 

supporting me while I studied for my master’s degree in Stockholm, during this PhD, and for 

helping me every step of the way. How lucky I am to have him.  

Finally, I will say that I did not find this PhD easy, the pandemic sadly stole away many of the more 

enjoyable experiences for me and those in my cohort, but I am proud that I maintained 

momentum and did not compromise on the ambitious aims of my project despite the challenges 

and uncertainty of the past few years. I hope that this work will make a genuine contribution to 

our understanding of the ecosystems of South Pacific islands and adds some threads to the 

tapestry of our knowledge of ecosystems change.  

Financial support 

This work was supported by the Natural Environment Research Council [grant number 

NE/L002531/1]. Radiocarbon dates from the Ngofe Marsh study were funded via the rangefinder 



Acknowledgements 

22 

 

grant (allocation number 2198.1019) and were processed at the SUERC facility (Scottish 

Universities Environmental Research Centre). 



Definitions and Abbreviations 

23 

 

Definitions and Abbreviations 

AP ......................................... Arboreal pollen 

C/N ....................................... Carbon/ nitrogen 

Cal. years BP ......................... Calibrated years before present (1950 CE) 

CCA ....................................... Canonical correspondence analysis 

CE ......................................... Common era 

DCA ....................................... Detrended correspondence analysis 

ENSO .................................... El Niño Southern Oscillation 

GC-MS .................................. Gas chromatography–mass spectrometry 

Itrax ...................................... Core scanning equipment to obtain geochemical data 

LM ........................................ Linear model 

m.a.s.l. .................................. Meters above sea level 

MCA ...................................... Medieval Climate Anomaly 

NAP ...................................... Non- arboreal pollen 

R ........................................... Programming language 

RSL ........................................ Relative sea level 

SD ......................................... Standard deviation 

SE .......................................... Standard error 

Seda-DNA ............................. Sedimentary DNA 

Simper .................................. Similarity percentage analysis 

SPCZ ...................................... South Pacific Convergence Zone 

TLE ........................................ Total lipid extract 

Turnover ............................... Replacement of taxa 

WPWP .................................. West Pacific Warm Pool 

α-diversity ............................ Mean local diversity 

β-diversity ............................ Differences or dissimilarities between sites 
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γ-diversity ............................. Total diversity within a landscape 
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Chapter 1 Introduction 

1.1 Thesis aim 

South Pacific islands ecosystems are somewhat vulnerable to sea level rise, climate change, and 

tectonic activities. Human actions also impact these ecosystems via alterations of fire regimes and 

species composition changes via non-native introductions and native extirpations/ extinctions. 

The aim of this thesis is to investigate the impact of abiotic and human actions on South Pacific 

island vegetation over millennial timescales. A secondary aim is to investigate patterns of biotic 

similarity. What follows is an introduction of the geography, biodiversity, and human settlement 

history of the South Pacific.  

1.2 Geography of the Pacific islands 

The Pacific Ocean spans almost a third of the Earth’s surface but only around 0.34 % of its area is 

land (Nunn et al., 2016). The boundary of the Pacific Ocean is the Pacific Rim, which is located 

along the east coasts of Asia, Australia and New Zealand, the west coast of North and South 

America and to the south Antarctica. The focus of this thesis is on islands south of the equator in 

the geographical regions of Melanesia and Polynesia (Figure 1-1) particularly the countries of 

Chile (Rapa Nui), Fiji, French Polynesia, New Caledonia, New Zealand, Samoa, Tonga, and Vanuatu. 

 
Figure 1-1 Remote Oceania and paths of colonisation, redrawn from Matisoo-Smith (2015). 
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1.3 Biodiversity of the Pacific islands 

The source of many plants and animals on Pacific islands is New Guinea/Malesia, New Caledonia, 

and Australia (Keppel et al., 2009) and the main dispersal mechanisms for plants are wind, birds, 

and ocean rafting (Gillespie et al., 2012). Biodiversity decreases away from these source areas i.e. 

west to east (Keppel et al., 2009) creating a biodiversity gradient. For example, New Caledonia is 

known to have ~2379 native flowering species whereas Fiji has around 1302 (Jaffré, 1993), and 

Tonga has ~320 (Franklin, 2003). However, distance from the closest continent, or large island, is 

not the only control on biodiversity since biodiversity is also linked to island area and age with 

larger and older islands being more diverse (Keppel et al., 2009). 

Islands are known to have relatively high rates of endemism for both plants and animals and 

these species can be considered highly specialised for their habitats (Macarthur and Wilson, 1967; 

Whittaker and Fernández-Palacios, 2007). However, these specialised island species are 

vulnerable to both human and natural disturbances due to their small population sizes, lack of 

genetic diversity, and low levels of α diversity (local diversity) (Frankham, 1998; Mueller-Dombois, 

2008; Keppel et al., 2014). Some terrestrial ecosystems of Pacific islands include coastal forests, 

freshwater lakes and streams, grass savannahs, mangrove forests, open woodlands, salt marshes, 

mudflats and tropical montane rain forests (SPREP, 2012). However, many of these ecosystems 

are currently at risk from human impacts and natural hazards. 

Today on Pacific islands, in terms of human impacts, the degradation and loss of habitat, arrival of 

invasive species, overexploitation of resources, disease, pollution, and human induced climate 

change have greatly impacted island biodiversity (Gibbons et al., 2000; Kingsford et al., 2009). 

Rainforest taxa are particularly at risk, for example in Tonga in the island group of Vava’u. It is 

estimated that ~90% of native vegetation has been modified and that native patches of rainforest 

are restricted to areas of steep terrain (Whistler, 1992). In Vanuatu, the loss of rainforest is 

detrimental to local communities who rely on the forests for food, medicine, building materials, 

cultural and spiritual requirements (Siwatibau et al., 1998). The loss of forests can also lead to a 

lack of income and to a loss of cultural identity and to small Pacific island communities becoming 

more globalised (Siwatibau et al., 1998). 

Coastal ecosystems are also under threat in many Pacific islands as mangroves are cleared to 

make way for developments ('Aholahi, 2013). These mangroves are important habitats for fish 
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and also protect against coastal erosion ('Aholahi, 2013). Mangroves trap sediment and promote 

clear water and the wood of the mangroves can be used to dye tapa cloth and for firewood (CBD, 

2014). Sea-level rise is also a threat to mangroves and a recent study has shown that some 

mangrove species cannot keep pace with a rapid rise in sea-level (greater than 6.1 mm per year) 

(Saintilan et al., 2020) which is likely to be exceeded within the next 30 years according to the 

high emissions scenario (Church et al., 2013). Table 1-1 summarises some of the main threats to 

Pacific island terrestrial ecosystems.  

Table 1-1 Summary of threats to terrestrial to flora and fauna on Pacific island ecosystems. 

Main threats Impacts 

Climate change and sea-level rise Plant and animal species often cannot migrate 

to find new suitable habitat conditions as 

climate conditions change (Hills et al., 2011). 

Mangroves cannot keep pace with rapid sea-

level change (Saintilan et al., 2020) and 

mangrove species with narrow elevational 

ranges are most at risk (Ellison et al., 2022). 

Governance Poor policies and policy implementation 

processes regarding environmental protection 

(Hills et al., 2011). 

Population increase Between 1960 and 2021 the population of 

small Pacific states increased by over 1.7 

million people (World-Bank, 2019). As 

populations continue to rise, there is increased 

pressure on resources such as fuel, food and 

freshwater (Hills et al., 2011). 

Natural hazard events Many Pacific islands, such as atolls, are low 

lying and topographically relatively simple, 

which leaves them vulnerable to natural 

hazards such as cyclones, droughts, 

earthquakes, floods, and tsunamis. These 

events can lead to loss or degradation of 

habitats and reduced opportunities for animals 
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Main threats Impacts 

to find food, reproduce, and an increased risk 

from predation (Hills et al., 2011). 

Introduction of exotic or invasive species This is the largest cause of extinctions on 

Pacific islands through competition, disease, 

and predation. These factors impact 

biodiversity and alter ecosystem processes 

(Hills et al., 2011). 

Threats to terrestrial systems  

Change of land-use Habitats are lost due to land-use change to 

anthropogenic landscapes such as urban areas 

and farmland. Major causes of land-use change 

are forest burning to clear land and from 

logging (Hills et al., 2011) 

Hunting of native animals Negative impacts on specific species and 

ecosystems (e.g., fruit bat hunting, Coconut 

crab hunting and Pigeon hunting) (Hills et al., 

2011) 

Threats to freshwater systems  

Pollution and saline intrusion Threats come from pollution, erosion causing 

sediments to enter the water system and saline 

intrusion of sea water (Hills et al., 2011). 

1.4 Pacific islands and environmental change  

The vegetation communities of South Pacific islands are impacted by short-term events such as 

cyclones (Franklin et al., 2004), El Niño Southern Oscillation (ENSO) climate variations (Haberle 

and David, 2004), volcanic ash falls (Cronin et al., 2004; Wallin and Martinsson-Wallin, 2010), and 

tsunamis (Chague-Goff et al., 2016). These dynamic ecosystems are also shaped and influenced by 

the ongoing extinction, extirpation, competition, and migration of new species (Fall, 2010). For 

many of these ecosystems the arrival of humans and the plants and animals they brought with 

them is considered to have been the largest ecosystem alteration in their recent history (Hope, 
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2001). The ecosystem changes of the past, i.e. caused by the arrival of people to South Pacific 

islands, contact with Europeans and subsequent ecosystem changes have caused large scale 

ecosystem modifications in terms of both flora (Fall, 2010) and fauna (Steadman, 1993). 

Anthropogenic and natural changes to the ecosystems of Pacific islands, are referred to as 

environmental changes and disturbances in this thesis. These past environmental changes (Table 

1-2) can be investigated and used as analogues for modern day and future vegetation changes. 

This thesis focuses on human impacts, climate change, RSL (relative sea level) change and volcanic 

eruptions.  

Table 1-2 Definitions of environmental change or disturbances in this report, duration of the 

change and example studies. 
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Environmental 

change 

Duration of change event Example studies 

Human impacts Variable depending on 

whether the island became 

permanently settled or was 

abandoned (up to ~3000 

years of impacts) 

Mo’orea in French Polynesia (Stevenson et 

al., 2017), Samoa (Gosling et al., 2020), 

Tonga (Fall, 2005), New Zealand (Argiriadis 

et al., 2018), New Zealand, Norfolk Island 

(Australia) Henderson and Pitcairn (Prebble 

et al., 2019) 

Climate change 

(usually 

precipitation) 

Long-term change (decadal- 

millennial scale) 

Efate, Vanuatu (Wirrmann et al., 2011; 

Combettes et al., 2015; Maloney et al., 

2022), Fiji (Hope et al., 2009) 

El Niño–Southern 

Oscillation (ENSO) 

Can be long (increased 

frequency of ENSO events) or 

short-term (annual)  

New Guinea and Northern Australia (Haberle 

and David, 2004) 

Cyclones Short-term (days/ weeks) Vava’u, Tonga (Franklin et al., 2004) 

Relative sea-level 

change 

Centuries/ millennia (or rapid 

when earthquakes occur 

changing the land elevation) 

Tonga and Mangaia (Cook Islands) (Ellison, 

1988; Ellison, 1989; Ellison, 1994) 

Tsunamis Short-term (days) Mangaia, Cook Islands (Chague-Goff et al., 

2016). Tonga (Terry et al., 2022) 

Volcanic eruptions 

and tephra/ ash 

falls 

Short-term (days, years 

decades) 

Efate, Vanuatu (Wirrmann et al., 2011) and 

Tonga (Terry et al., 2022) 

1.5 Human arrival on Pacific islands 

The colonisation of the Pacific islands represents the last great migration of humans into 

unoccupied lands. Oceania can be delineated into two geographical areas based on the period in 

which they were colonised (Green, 1991) (Figure 1-1). The portion which was colonised earlier is 

termed Near Oceania and includes New Guinea, colonised around 50,000 cal. years BP 

(Summerhayes et al., 2010), Australia, colonised around 45,000 cal. years BP (O'Connell and Allen, 
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2004) and the northern Solomon Islands, colonised around 30,000 cal. years BP (Wickler and 

Spriggs, 1988).  

Archaeological evidence suggests that the first people to colonise the South Pacific islands were 

the Lapita, the ancestors of Polynesians (Kirch and Green, 2001). Linguistic studies indicate the 

Lapita’s origins to be somewhere between Taiwan and the Bismarck Archipelago (Blust, 1996) and 

genetic studies support this (see Matisoo-Smith, 2015 for discussion). The Lapita left Southeast 

Asia and Melanesia and travelled by voyaging canoe to colonise new islands (Kirch, 1997; Spriggs, 

1997). The size and exact design of these canoes is unknown, but the canoes must have been 

large enough to transport founding populations (Irwin, 2008). The Lapita people also took with 

them their tree and root vegetable agricultural systems, such as Colocasia esculenta or taro (Kirch 

and Ellison, 1994) and animals (Steadman, 1995b). Settlers altered the ecosystems of the islands 

they settled in various ways. Land covered by rainforest was cleared by burning and converted 

into agricultural land (Ellison, 1994; Kirch, 1996; Argiriadis et al., 2018). The Lapita brought with 

them animals such as Sus scrofa (pig), Canis familiaris (dog), Rattus exulans (Pacific rat), Gallus 

gallus (chicken) (Steadman et al., 2002) and their arrival coincided with the loss and extinction of 

birds and other animals (e.g., Olson and James, 1982; Steadman, 1995a; Steadman et al., 2002). 

The earliest suggested dates for the settlement of Remote Oceania are based on archaeological 

findings and are dated to about 3500 cal. years BP for initial settlement of the Mariana Islands, in 

Western Micronesia, although there is no associated evidence of Lapita culture (Rainbird, 1994). 

Human colonisation of the Bismarck Archipelago occurred 3400–3200 cal. years BP 

(Summerhayes, 2010), 3000 cal. years BP for Efate, Vanuatu (Petchey et al., 2014), 3000 cal. years 

BP for Fiji (Denham et al., 2012), 2850 cal. years BP for Tonga (Burley et al., 2015) and 2750 cal. 

years BP for Samoa (Clark et al., 2016).  

After a pause of approximately 1500−2000 years, the proto-Polynesian colonisation continued 

into other parts of the Pacific. Short timescales for colonisation of Eastern Polynesia after 950 cal. 

years BP have been suggested (Commendador et al., 2014; Kahn et al., 2015a; Kahn and Sinoto, 

2017). However, a two-phase expansion has also been suggested (Wilmshurst et al., 2011). This 

two-phase expansion was suggested to have begun ∼925–830 cal. years BP when the proto-

Polynesians colonised the Society Islands and then after a pause of 70–265 years continued to 

colonise other remaining islands (Wilmshurst et al., 2011). Sear et al. (2020) suggest that drought 

conditions in the Western Pacific may have been the impetus for incremental human dispersal 

into other parts of Polynesia.  
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1.6 Detection of human occupation within sediment cores 

Palaeoecological records such as that produced by Fall (2005); Stevenson et al. (2017) and Prebble 

et al. (2019) can reveal a wealth of information about past human activities and impacts on 

landscapes. However, this evidence is largely indirect and difficult to disentangle from abiotic 

drivers of change such as wildfires, climate changes, and volcanic eruptions. Faecal biomarker 

analysis offers a direct method, or a ‘smoking gun’, to detect if higher mammals, particularly 

humans, were abundant in a past ecosystem (e.g., D’Anjou et al., 2012; Argiriadis et al., 2018). 

Faecal biomarker 5β-coprostanol is the most abundant sterol in human faeces since it constitutes 

around 60% of the total sterol content (Leeming et al., 1996; Bull et al., 2002) and when 5β-

coprostanol undergoes epimerization (a change in the configuration of the molecule) it becomes 

5β-epicoprostanol (Birk et al., 2011). These biomarkers are also common in porcine (pig) 

excretions (Bull et al., 2002) and it is known that pigs were first introduced to across Pacific islands 

by humans (Steadman, 1995b). Therefore, any increase in these faecal biomarkers in the 

sedimentary record may indicate the arrival of humans. Both 5β-coprostanol and 5β-

epicoprostanol typically reach sediment basins via runoff (Meyers, 1997) and therefore reflect the 

catchment scale. This is advantageous given that pollen analysis, which is often used to detect 

human presence, often reflects a more regional scale (D’Anjou et al., 2012). 5β-coprostanol and 

5β-epicoprostanol are usually well preserved in sediments since they are hydrophobic (Tolosa et 

al., 2014) and therefore suitable to use in palaeoecological studies where sediment cores are 

analysed. Since 5β -stanols adsorb to organic matter particles, they are not prone to leaching 

(Lloyd et al., 2012).  

Although this method has typically been limited to temperate regions (Prost et al., 2017), this 

technique has been used successfully in other parts of the South Pacific such as New Zealand 

(Argiriadis et al., 2018) and the Cook Islands (Sear et al., 2020). In New Zealand, faecal biomarker 

analysis has indicated the first arrival of humans, which was synchronous with deforestation 

~1350 CE and the transient occupation of watersheds (Argiriadis et al., 2018). In the Cook Islands, 

the detection of faecal biomarkers has indicated that human colonisation may have occurred 

earlier than previously thought (Sear et al., 2020). 

1.7 Past human impacts on island biodiversity 

The human introduction of exotic flora and fauna on South Pacific islands lead to complex 

ecosystem changes (Steadman, 1993; Fall, 2010). For example, in Rapa Nui (Easter Island) it has 
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been suggested that introduced rats may have consumed fruits and seeds and thus prevented the 

germination of new plants and ultimately impeding the growth of new forest (Hunt, 2007). 

Perhaps one of the most noticeable features of human arrival seen in South Pacific pollen 

diagrams is the introduction of exotic taxa such as Colocasia esculenta (taro) and/or Ipomoea 

batatas (sweet potato). Colocasia esculenta pollen in pollen records from across the Pacific has 

shown that it was introduced to New Zealand 1280 CE (Prebble et al., 2019), the Society Islands 

1060–980 cal. years BP (Stevenson et al., 2017), Hawaii 1331 CE (Athens and Ward, 1997) and 

French Polynesia 1100 CE and 1400 CE respectively (Kennett et al., 2006; see Prebble, 2008 for 

review; Prebble and Wilmshurst, 2009). 

Human arrival also coincided with the loss of taxa: for example, the loss of birds and bats in Tonga 

may have impacted the dispersal mechanisms of some native trees with large fruits, such as 

Calophyllum inophyllum, Cerbera odollam, Pouteria garberi, P. membranacea, Pometia pinnata, 

Syzygium quadrangulatum, S. richii, and Terminalia catappa (Fall, 2010). Human arrival to Pacific 

islands is also linked with a decline in palm pollen, for example Pritchardia, and is often associated 

with an increase in charcoal particles and pollen from non-native weeds and cultivated taxa 

(Prebble and Dowe, 2008).  

Anthropogenic landscapes of South Pacific islands were characterised by changed fire regime, 

which is seen in charcoal and pollen records. A marked increase in charcoal is usually seen at the 

time of human arrival, as in New Zealand 1350 CE (Argiriadis et al., 2018), the Society Islands 

1060–980 cal. years BP (Stevenson et al., 2017) and Tonga 2600 cal years BP (Fall, 2005) to name 

a few studies. The increase in burning, caused by traditional slash and burn farming techniques 

(Pole, 2014) also results in an increase in Pandanus, a relatively fire-resistant native tree (Prebble 

et al., 2005).  

To summarise, human colonisation and settlement of Pacific islands is associated with: 

1) the introduction of plants for agriculture, medicine, or construction (Prebble, 2008; Fall, 

2010), 

2) increased burning regime to clear land (Fall, 2005; Stevenson et al., 2017),  

3) the extinction and extirpation of native or endemic plants and animals (Steadman, 1995a; 

Prebble and Dowe, 2008).  
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1.8 Main abiotic drivers of change on Pacific islands 

Previous pollen studies in the Pacific (see supplementary Table 5-1) have shown the extent to 

which this region has been studied in terms of past vegetation change. Most of the studies within 

the region focus on human impacts or the arrival of humans on vegetation; however, some have 

also focussed on the effects of natural environmental changes such as sea-level change (Ellison, 

1988; Ellison, 1989; Ellison, 1994) and climate change (Hope et al., 2009; Wirrmann et al., 2011; 

Combettes et al., 2015).  

1.8.1 Holocene climate change and cyclones 

Climate in the Pacific region, and indeed globally, has not been stable during the Holocene and is 

therefore an important factor to consider when identifying palaeoenvironmental changes on 

South Pacific islands. One reason for this climate variability is the movement and variability of the 

SPCZ (South Pacific convergence zone) which is a rain band which delivers precipitation to the 

islands of the South Pacific Ocean (Hassall, 2017; Sear et al., 2020). The impacts of past dry 

periods on South Western Pacific islands may have been severe and it has been suggested that 

drought coupled with other societal pressures may have been the catalyst for Polynesians to 

explore the Eastern Pacific islands (Sear et al., 2020). 

A study by Sear et al. (2020) combined regional climate records to identify a drier climate phase 

1150 to 1300 CE in Vanuatu, Samoa, and Atiu (Cook Islands) and, used faecal stanols as markers 

for human presence. This dry phase was linked with the Polynesian exploration of islands in the 

Eastern Pacific. Similarly, Hassall (2017) identified a migration or shift of the SPCZ towards the 

southeast Pacific during the Mid-Holocene (c. 5600–2700 cal years BP) associated with reduced 

ENSO variability (Cobb et al., 2013).  

The response of vegetation to climate change has been studied in the South Pacific at several sites 

in Fiji (Hope et al., 2009) and Emaotfer Swamp, Vanuatu (Wirrmann et al., 2011; Combettes et al., 

2015). Wirrmann et al. (2011) identified an increase in ENSO events in Vanuatu c. 3250–2500 cal. 

years BP whereas Combettes et al. (2015) identified a vegetation change caused by ENSO event 

increases between 3790–3600 cal years BP. Hope et al. (2009) identified a possible dry phase and 

an increase in ENSO events around 5000 years ago in Fiji with the response of an increased fire 

regime. These climate records show the movement of the SPCZ created precipitation changes on 

South Pacific islands throughout the Holocene. Changes in precipitation, for example, known dry 

phases, likely impacted vegetation but there is still much uncertainty about responses. Although 
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there have been attempts to detect climate changes in pollen records from the South Pacific none 

have combined pollen with other proxies from the same site to measure precipitation. 

Warm and humid conditions created by the SPCZ are ideal conditions for cyclones (e.g., Vincent et 

al., 2011). Although vegetation responses to cyclones are not the focus of this study, they offer a 

useful insight into the response and recovery of these ecosystems following rapid and often high 

intensity disturbances. Cyclones are a regular occurrence on Pacific islands (e.g., Chague-Goff et 

al., 2016) and some post cyclone observations and surveys are available in order to investigate the 

impacts of these storms on vegetation. On the 3rd March 1982 cyclone Isaac passed over the 

Ha'apai and Tongatapu island groups in Tonga killing six people, devastating buildings and 

destroying crops (Woodroffe, 1983). Coastal scrub vegetation including coconut palms were 

stripped and Pandanus trees were felled, however 11 –⁠15 weeks after the cyclone struck some 

shrubs had begun to recover (Messerschmidia argentea, Hibiscus tiliaceus, and Bikkia tetrandra). 

On 31st December 2001 tropical cyclone Waka passed directly over Vava’u, Tonga (Franklin et al., 

2004). Since vegetation plots had already been established in Vava’u in 1995, a pre and post-

cyclone survey comparison was made possible (Franklin et al., 2004). Characterisation of the 

forest plots followed those by Franklin et al. (1999) and due to human impacts on the forests of 

Vava’u forest types were grouped classified on a successional gradient rather than into 

topographic or habitat preferences. Tree mortality related to the cyclone was lower in late 

successional lowland forest species (6%) compared with early successional lowland forest species 

(8 – 16%) (Franklin et al., 2004). Uprooting and snapped stems were found to have occurred on 

25% of stems measured within the plots. Uprooting was relatively high amongst the large trees (> 

20 cm diameter) and the greatest level of damage was to the largest trees (> 35 cm diameter) 

which were found in early successional plots (Franklin et al., 2004). Prior to cyclone Waka and 

over a 6 year period, background mortality was 1.4% and most of the plots has not been impacted 

by any human activities (Franklin et al., 2004). This contemporary example shows how a cyclone 

can change the make-up of a forest system, preferentially removing older and larger trees and 

increasing tree mortality; however, no study has been done on the impacts of cyclones on native 

forests, unmodified by people, in this part of the world. Without an analogue for the effects of 

cyclones of native forest types it is difficult to identify the potential ecosystem changes and to 

identify these in pollen records. It is still unclear whether native forests are more or less resilient 

to cyclone damage than human modified forests. 

An example of vegetation change related to cyclones in pollen records was from Mangaia in the 

Cook Islands. Clay deposits from weathered laterites in Lake Tiriara, Mangaia, have been found to 
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coincide with decreases in tree pollen and increases in fern spores (Dawson, 1990). These spores 

may be related to soil erosion of the volcanic slopes around the lake during the heavy rainfall 

associated with cyclone events (Lamont, 1990). However, the use of palaeoecological records to 

reconstruct cyclone activity in the past may be problematic given that they occur on short 

timescales (Table 1-2) and may appear similar to other erosional events. A high resolution study 

would be required to investigate such levels of detail within sediment cores and a multi-proxy 

approach is preferred ideally using grain size and Itrax (Croudace et al., 2006) to identify 

sedimentary changes related to in wash of material during cyclones.  

1.8.2 Sea-level change during the Holocene 

During the Mid-Holocene sea levels in the Pacific were higher than today; this was caused by 

equatorial ocean siphoning (Mitrovica and Milne, 2002) which is a function of global isostatic 

adjustment and the transfer of water from glaciers to the world’s oceans (Dickinson, 2014). Sea 

levels peaked around 4000 years ago and these conditions persisted for 1000–2000 years 

(Dickinson, 2003). Around Tonga and Fiji sea levels were 2–2.5 m higher than today during the 

high stand and to the east and west in Polynesia and Micronesia 1.5–2 m higher than today 

(Dickinson, 2014). Ellison (1988) identified the timing of the Mid-Holocene high stand to around 

4500–2500 can years BP in Tongatapu, Tonga by identifying mangrove pollen from sediment 

cores. Relative sea-level histories for islands across the Pacific may differ due to their differing 

isostatic histories i.e. uplift or subsistence rates (Woodroffe and Horton, 2005), for example the 

northern islands of Tonga have subsided at a rate of around 0.5mm/ year (Dickinson, 2014). This 

means that the relative sea-level change may be less (1–1.5 m) than for other islands within the 

region. After the Mid-Holocene high stand sea levels fell until present day levels (Ellison, 1989). 

Most recently, several sea-level curves have been modelled for the island of Tongatapu in Tonga, 

one of these estimates is shown in Figure 1-2 (Fukuyo et al., 2020). 

Understanding past sea levels in the Pacific during the Holocene is important for understanding 

the human settlement patterns of islands and for reconstructing coastal vegetation. Dickinson and 

Burley (2007) have correlated Lapita archaeological sites with shoreline reconstructions in Tonga 

and have found that they are broadly found along palaeoshorelines. Gosling et al. (2020) who 

produced a pollen and charcoal record from central Upolu, Samoa also suggest decreasing human 

impacts away from coastlines. This suggests a preference for living is coastal locations and that in 

the past, disturbances may have been most intense in coastal areas. 
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Figure 1-2 Sea level change for Tongatapu over the past 6000 years digitised from Fukuyo et al. 

(2020). The model output used was with lithospheric thickness of 65 km, lower mantle viscosity of 

2 (1020 PaS), and upper mantle viscosity 1 (1022 Pa S). 

1.8.3 Volcanism and tsunamis during the Holocene 

Every year around 60 volcanoes erupt globally and around 20% of these eruptions occur on land 

(Dale et al., 2005). These eruptions have impacts on vegetation from lava flows, pyroclastic flows, 

avalanches, mudflows, tephra deposition and blowdowns (Dale et al., 2005). Examples of impacts 

wrought on vegetation vary from whole island sterilisation such as the 1883 CE Krakatoa eruption 

in Indonesia (Whittaker et al., 1989) to blanketing an island in volcanic ash such as occurred in 

Hawaii during the Kilauea Iki 1959 CE eruption (Smathers and Mueller-Dombois, 1974). These 

events allow for the investigation of the varying impacts of disturbance on vegetation such as the 

modification of vegetation to the colonisation of plants on freshly created substrates from lava 

flows (Dale et al., 2005). The vegetation changes that occur depend on the distance from the 

eruption, nutrients released during the eruption, and the types of vegetation and propagules that 

survive (Dale et al., 2005). The depth of the ash fall also appears to play an important role and this 

is linked to the distance from the eruption (Eggler, 1963). Where tephra deposits are deep, plants 

may not be able to penetrate the surface. Lesser impacts may occur further away from the 

epicentre of the eruption such as ash impeding photosynthesis (Bilderback and Carlson, 1987) or 

windblown tephra causing plants to drop their leaves (Black and Mack, 1984). 
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Perhaps one of the most notable volcanic eruptions to occur in the South Pacific was the Kuwae 

eruption, which has been estimated to have occurred in either late 1452 or early 1453 CE (Gao et 

al., 2006). A song (oral tradition) in Vanuatu mentions two women who went searching for Boa, a 

type of edible plant with tubers similar to yam, that was only collected during times of need, who 

happened across a man buried alive and helped him out, this song has been linked with the 

Kuwae eruption (Hoffmann, 2007).  

Wirrmann et al. (2011) provided a pollen record from Emaotfer Swamp, Efate, Vanuatu (~100 km 

south of the eruption site). They identified a tephra layer from the Kuwae eruption but found no 

evidence of related vegetation changes. However, the resolution of the pollen sampling was 

relatively low with one sample per ~380 years. A higher resolution pollen sampling strategy may 

be required to identify vegetation change associated with volcanic eruptions. Further 

investigation is required to understand whether impacts from the eruption altered vegetation and 

impacted the lives of those who lived there. However, other palaeoecological studies from South 

America indicate that volcanic eruptions may be followed by a decrease in local forest taxa and an 

increase in herbs (e.g., Montoya et al., 2021) or even the onset of primary succession (e.g., Fesq-

Martin et al., 2004). 

A major source of earthquakes and tsunamis in the Pacific Ocean is the Tonga-Kermadec Trench 

(Goff et al., 2011) and submarine slope failures (e.g., Goff et al., 2011). For example, in 2010 a 

tsunami hit the uninhabited southern coast of Mangaia in the Cook Islands and was caused by a 

sub-marine slope failure (Goff et al., 2011). A more recent example is the January 2022 tsunami 

which was caused by the Hunga Tonga–Hunga Haʻapai submarine eruption and caused wave 

amplitudes >60 cm (Terry et al., 2022). Additionally, the 1450s CE Kuwae eruption in Vanuatu is 

known to have left tsunami deposits at least 30 m.a.s.l. on islands close by and as far away as 

Wallis and Futuna (1500 km away) (Goff et al., 2012). However, distinguishing between cyclone 

deposits, tsunami deposits and erosional events within sediment records is not straightforward 

but grain size measurements of sediments may assist in the identification of tsunami deposits 

(Chague-Goff et al., 2016). Additionally, the response of ecosystems to tsunamis is relatively 

unknown.  

1.8.4 Ecosystem responses and similarity 

As discussed in the previous sections, South Pacific island ecosystems encounter a number of 

environmental disturbances over time. In palaeoecology, fossil assemblages mirror the 

communities which produced them and to some degree the environmental disturbances that they 
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have endured (Correa-Metrio et al., 2014). Statistical techniques are required to investigate these 

fossil assemblages and associated changes. For example, multivariate techniques offer a way to 

summarise fossil datasets (e.g., Bush et al., 2004; Correa-Metrio et al., 2014; Castilla-Beltrán et al., 

2021a; Nogué et al., 2021). Although insights can be gained from observing individual taxon 

changes within a dataset, multivariate techniques are more robust and can provide understanding 

of a wide range of ecological changes (Orlóci et al., 2006). Detrended correspondence analysis 

(DCA) is a multivariate technique which is relatively easy to interpret in terms of understanding 

responses (Hill and Gauch, 1980) and DCA axes are presented in units of standard deviation (SD) 

which makes it possible to interpret distances between samples in terms of turnover (Orlóci et al., 

2006). 

While turnover offers a useful way to measure changes within fossil assemblages, it is also 

possible to calculate recovery rates following disturbances (e.g., Cole et al., 2014; Matthews-Bird 

et al., 2017; Montoya et al., 2021). For example, Cole et al. (2014) investigated re-establishment 

times of tropical forests taxa following disturbances. Results suggest that forests which are 

exposed to natural, large, and infrequent events recover faster than climatic and human induced 

disturbance events and that increased frequency of disturbance events increases the recovery 

time. Investigation of community changes following disturbances have also proven useful. For 

example, a study of lakes in the tropical Andes of Ecuador has investigated the impact of volcanic 

ash falls on chironomid communities, and at one lake, Laguna Baños, it has been shown that 

communities have not recovered 1500 years after ash deposition.  

Both abiotic disturbances and human impacts can also lead to increases in similarity between 

distinct ecosystems. This increase in similarity between ecosystems is called biotic, or taxonomic 

homogenisation (McKinney and Lockwood, 1999) and has been identified in plants (Castro and 

Jaksic, 2008; Castro et al., 2010; Finderup Nielsen et al., 2019), insects (Shaw et al., 2010), birds 

(Rosenblad and Sax, 2017), fish (Magurran et al., 2015; Liu et al., 2017) and corals (Burman et al., 

2012). This is a concerning trend given that reduced diversity can pose a threat to ecosystems, 

since it may remove the functional ability of communities to respond to disturbances (Gámez-

Virués et al., 2015). The process of biotic homogenisation is caused by the introduction of non-

native species to multiple locations (Castro and Jaksic, 2008) and by the extinction or extirpation 

of native or endemic species (Fraser et al., 2022). A third mechanism which drives biotic 

homogenisation is the filtering associated with disturbances. For example, drought conditions 

have been known to homogenise pond communities (Chase, 2007) and scouring events have been 

known to homogenise macroinvertebrate communities in the Scandinavian mountains (Lepori 
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and Malmqvist, 2009). In both instances, only the species which are tolerant of the extreme 

conditions persevere. Tree falls in rainforests have also lead to biotic homogenisation (Connell, 

1978) since a limited number of taxa excel at rapidly colonising forest gaps. Palaeoecology has 

been used occasionally to investigate patterns of similarity (e.g., Feurdean et al., 2010; Blarquez 

et al., 2014; Birks et al., 2016b; Salgado et al., 2018; Wengrat et al., 2018; Fraser et al., 2022) 

despite its potential to uncover long-term patterns.  

1.8.5 Ecosystem recovery, resilience, and resistance 

Resilience, recovery, and resistance are key concepts in ecology (Van Meerbeek et al., 2021). 

Recovery can be defined as returning to an ecological condition following a disturbance 

(Westman, 1978; Hillebrand et al., 2018; Domínguez-García et al., 2019). Van Meerbeek et al. 

(2021) identified two definitions of resilience. The first is resilience sensu Holling (1973) and is 

defined as the ability of an ecosystem to remain unchanged and maintain ecosystem relationships 

despite absorbing the impacts of disturbance, this is also sometimes called ecological resilience 

(Holling, 1973). The second definition is sometimes called engineering resilience and was put 

forward by Pimm (1991) and Grimm and Wissel (1997) and states that resilience can be defined as 

a period of recovery after a disturbance event. Hodgson et al. (2015) argue that both perspectives 

should be included, and that resilience covers a broad range of factors relating to the recovery of 

an ecosystem and the time it takes to recover, the resistance to change and the general 

precariousness of an ecosystem. The term resistance is also used to refer to the ability of an 

ecosystem to remain unchanged following a disturbance (Justus, 2007).  

Some ecological models suggest that heterogenous and diverse landscapes may be more resilient 

to stress (Virah-Sawmy et al., 2009) and that these diverse and heterogenous ecosystems may 

recover quicker (Gunderson, 2000). Palaeoecology offers a method to test such models (e.g., 

Virah-Sawmy et al., 2009) and to extend the timescales of our understandings of ecosystems and 

measure recovery times (e.g., Cole et al., 2014) and gain insights into resilience and resistance.  

1.9 Outstanding questions 

There is a considerable body of knowledge related to the palaeoecology of the Pacific islands and 

many of these studies focus on human impacts (see supplementary information Table 5-1). 

However, far less is known about responses to different environmental changes (e.g., climate 

changes, sea level changes, and volcanic eruptions). In addition, there are other questions which 

require more research:  
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1) what are the effects of long-term versus short term disturbances on vegetation?  

2) Are ecosystems becoming more similar or different over time due to disturbances or 

human impacts? 

Understanding past vegetation responses is important for predicting the response of vegetation 

to future human disturbance, sea-level change, climate change, and volcanic eruptions. In 

addition, understanding patterns of biotic similarity may help us understand large scale patterns 

in diversity and therefore ecosystem resilience.  

1.10 Study setting 

To investigate these questions about South Pacific island ecosystems, wetlands or lakes where 

sediments or organic materials accumulate forming a palaeoecological record are required with 

the following desirable attributes: 

1. Sites located on islands with different physical characteristics, for example different 

elevations and areas, to investigate the whole landscape change, 

2. Sites with evidence of natural disturbance (e.g., tephra layers from past volcanic 

eruptions), and  

3. Sites on islands which have been colonised by humans where the timing of colonisation is 

well understood.  

To address the outstanding questions posed above, this thesis will focus on Tonga, and specifically 

the island of ‘Uta Vava’u, and the island of Efate, Vanuatu (Table 1-3) since these sites meet the 

site selection criteria. The final aim is to improve the regional knowledge of vegetation response 

to environmental change and disturbances by analysing published datasets from 15 locations, 

including one  within this thesis, to make larger-scale comparisons of vegetation change and 

trajectories of homogenisation and differentiation. 
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Table 1-3 Summary of selected sites for case studies. 

 Ngofe Marsh, ‘Uta Vava’u, 

Tonga 

Lake Emoatul, Efate, Vanuatu 

Location 18°39'46.8"S 174°02'36.4"W 17°43'58.3"S 168°24'52.3"E 

Elevation (m.a.s.l.) 4 110 

Distance to coastline (km) 0.8 7 

Island size (Nunn et al., 2016) 12719.52 ha 99278.3 ha 

Island type Limestone high island Composite high island 

Maximum elevation of island 

(m) 

88 647 

Distance to closest mainland 

(Weigelt and Kreft, 2013) 

(Late, Tonga closest available 

island) 3395.726 km 

(Matthew, Vanuatu, closest 

available island) 1886.709 km 

Human colonisation date 2850 cal years BP (Burley et al., 

2015) 

3000 cal years BP (Petchey et 

al., 2014) 

Evidence of abiotic 

environmental change? 

Multiple tephra layers, 

reported sea-level fall around 

2000 years ago 

Kuwae tephra (1450s CE). Drier 

conditions indicated by 

dinosterol record (Sear et al., 

2020) 

Length of record ~7500 years ~1600 years 

1.11 Research questions 

The overarching research questions are as follows: 

1. What is the effect of relative sea-level fluctuations and volcanic eruption drivers on island 

vegetation change in Tonga?  

2. What are the relative effects of the 1450s CE Kuwae eruption, ~1100 cal. years BP drying 

trend, and changing fire regime on vegetation? 
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3. Have South Pacific islands plant communities become more similar or dissimilar during 

the past 5000 years?  

Additionally, faecal biomarker analysis of samples from the Ngofe Marsh sediment cores was 

used to detect the timing of human arrival to the island of ‘Uta Vava’u in Tonga and to 

compare this with the timing of human arrival based on archaeological findings (e.g., Burley et 

al., 2015) (for methodology, results, and discussion see appendix E page 147).
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Chapter 2 Influences of sea level changes and volcanic 

eruptions on Holocene vegetation change in 

Tonga. 

Nichola A. Strandberg, Mary Edwards, Joanna C. Ellison, Manuel J. Steinbauer, Anna Walentowitz, 

Patricia Fall, David Sear, Peter Langdon, Shane Cronin, Alvaro Castilla-Beltrán, Ian W. Croudace, 

Matiu Prebble, William Gosling, and Sandra Nogué. 2023. Biotropica, 00, 1-12, 

https://doi.org/10.1111/btp.13231 

2.1 Abstract 

Here, we investigate Mid- to Late-Holocene vegetation changes on low-lying coastal areas in Tonga 

and how changing sea level and recurrent volcanic eruptions have influenced vegetation dynamics 

on four islands of the Tongan archipelago (South Pacific). To investigate past vegetation and 

environmental change at Ngofe Marsh (‘Uta Vava’u) we examined palynomorphs (pollen and 

spores), charcoal (fire), and sediment characteristics (volcanic activity) from a 6.7-m long sediment 

core. Radiocarbon dating indicated the sediments were deposited over the last 7700 years. We 

integrated the Ngofe Marsh data with similar previously published data from Avai’o’vuna Swamp 

on Pangaimotu Island, Lotofoa Swamp on Foa Island, and Finemui Swamp on Ha’afeva Island. Plant 

taxa were categorised as littoral, mangrove, rainforest, successional/ disturbance, and wetland 

groups and linear models were used to examine relationships between vegetation, relative sea-

level change, and volcanic eruptions (tephra). We found that relative sea-level change has impacted 

vegetation on three of the four islands investigated. Volcanic eruptions were not identified as a 

driver of vegetation change. Rainforest decline does not appear to be driven by sea-level changes 

or volcanic eruptions. From all sites analysed, vegetation at Finemui Swamp was most sensitive to 

changes in relative sea level. While vegetation on low-lying Pacific islands is sensitive to changing 

sea levels, island characteristics, such as area and elevation, are also likely to be important factors 

that mediate specific island responses to drivers of change. 

2.2 Introduction 

Pacific islands are subject to volcanic eruptions and sea-level change, which may put their 

populations and ecosystems at risk (Nakicenovic et al., 2000; Cronin et al., 2004). The January 2022 
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Hunga Tonga-Hunga Ha'apai volcanic eruption, and associated tsunami inundation of parts of 

Tonga, exemplifies the need to improve our understanding of how island ecosystems respond to 

environmental dynamics. This research analyses four palaeoecological records from Tonga, one 

new in this study and three extant records, to quantify how vegetation (littoral, mangrove, 

rainforest, successional/ disturbance, and wetland; Table 2-1) responded to both sea-level changes 

and volcanic eruptions over the last 5000 –7000 years.  

It is well established that the timing and sources of past volcanic eruptions can be derived from 

tephra layers preserved in the stratigraphy of sediment records (Lowe, 2011). Such layers allow 

researchers to identify how ecosystems responded to volcanic events, especially when recovery 

periods exceed the timescales of modern observations, i.e., centuries rather than decades. 

Evidence for the impacts of volcanic eruptions on vegetation from other ecosystems world-wide 

indicates variable responses, recovery times and initial conditions (Strandberg et al., 2023b). For 

example, in Ecuador a palaeoecological reconstruction showed an increase in grass pollen and a 

decrease in forest pollen, presumably indicating a shift in vegetation cover (Montoya et al., 2021), 

whilst in Chile, Fesq-Martin et al. (2004) recorded a primary succession sequence. In other cases, 

impacts on vegetation may not be detected at all (e.g., Gosling et al., 2020), they may be brief, e.g., 

lasting up to a few decades (Lotter and Birks, 1993; Urrutia et al., 2007) or longer lasting, e.g., 

several hundred years; (Fesq-Martin et al., 2004). 

Evidence of past volcanic activity in Tonga includes a stratigraphic tephra and pollen record from 

Lotofoa Swamp, Foa, Ha’apai group (Figure 2-1), which shows an increase in mangrove taxa 

Excoecaria (Tongan name feta‘anu) for ~3000 years following an eruption ~3840 cal. years BP 

(Flenley et al., 1999). However, it is difficult to disentangle the effect of volcanic eruptions from 

those of relative sea-level rise (RSL) and other environmental changes. 
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Figure 2-1 Left panel: the Northern Tongan Island groups and locations of study sites. The 

stratigraphic pollen sites are; a) Ngofe Marsh on ‘Uta Vava’u Island (this study) and Avai’o’vuna 

Swamp on Pangaimotu Island (Fall, 2005), b) Lotofoa Swamp on Foa Island, and c) Finemui Swamp 

on Ha’afeva Island (Flenley et al., 1999). Satellite imagery is from ESRI (2022). 

Ecosystems in Tonga have also been influenced by changes in RSL; for example, a Holocene sea-

level high stand was identified using sediment cores from Folaha Lagoon, Tongatapu and 

Avai’o’vuna Swamp, Vava’u and dated between ~5000–2000 cal. years BP (Ellison, 1989; Fall, 2005). 

Sea levels reached near-present levels in the South Pacific by ~7300 cal. years BP, then were up to 

2 m higher than present by the Mid- Holocene, ~4000 cal. years BP, before falling towards present 

day levels thereafter (Nunn and Peltier, 2001). Similar patterns of change have been identified from 

modelled RSL changes from Tongatapu (Fukuyo et al., 2020). Changes in sea level altered coastal 

environments, resource availability, and the size and shape of the islands (Nunn, 2009; Margalef et 

al., 2018). In particular, mangrove vegetation zones retreated and advanced with sea-level rise and 

fall (Ellison, 1989). Mangrove species with narrow elevation ranges (~0.4 m), including those with a 

preference for the landward zone (e.g., Nypa fruticans), may also be more at risk than those with 

broad ranges, e.g., Bruguiera gymnorhiza (tongo lei) (Ellison et al., 2022). In addition, sediment 
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accretion rates show that mangrove communities in tropical coastal regions are not able to keep 

pace with projected future sea-level rise (Saintilan et al., 2020). Despite the importance of RSL 

changes there has been limited regional analysis to determine how littoral vegetation, occurring 

along the shore or landward of mangrove forests, e.g., Barringtonia (futu), Casuarina (toa), and 

Pandanus (fafa), and rainforest taxa, e.g., Syzygium (fekika) and Dysoxylum (mo‘ota), may be 

impacted by changes in sea level. 

Using the most complete records of RSL and tephra deposition available, we investigated how 

changes in these drivers have impacted the vegetation of Tonga during the Mid and Late Holocene, 

also taking into consideration the role of island size and elevation. We first describe a new 

palaeoecological record from Ngofe Marsh on the island of ‘Uta Vava’u (Vava’u group). We then 

present a regional analysis of four sites: Ngofe and three published records from Tongan islands 

(Flenley et al., 1999; Fall, 2005).  

2.3 Methods 

For faecal biomarker analysis of the Ngofe Marsh sediments see appendix E on page 158. 

2.3.1  Study sites 

The Tongan archipelago lies on the eastern margin of the Asia-Australian Plate, which is 

uplifting as the Pacific Plate subducts under it; this causes volcanic activity (Crane, 1979). The 169 

islands in the Tonga group mostly consist of raised limestone or coral sand cays. The larger islands, 

such as Tongatapu, have fertile soils due to nutrient inputs from ash falls over time (Roy, 1990). 

Raised limestone karstic islands are permeable and have freshwater lenses (Roy, 1990); their 

surface elevation is controlled by sea-level position (White and Falkland, 2010). The climate in 

Tonga is mild marine tropical, and South Pacific trade winds dominate for most of the year (Fall, 

2010). Precipitation averages around 2340 mm per year and the average annual temperature is 

23.5°C (Thompson, 1986).  

Tonga is part of the South-Western Pacific, Indo-Melanesian floristic area (van Steenis, 1979). In a 

review, Fall and Drezner (2020) identified 1020 vascular plant species in Tonga with 450 of these 

being native. Fewer than 2% of the 1020 species identified are endemic (Fall and Drezner, 2020). 
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2.3.2 Coring site at Ngofe Marsh on ‘Uta Vava’u Island 

Ngofe Marsh is a land-locked wetland on the island of ‘Uta’ Vava’u, in the Vava’u island 

group (18°39'49.27"S 174° 2'35.57"W; 4 m a.s.l.). Recently, the flora of Ngofe Marsh has been 

dominated by the sedges Eleocharis dulcis (kutu) and Lepironia articulata (kutu kofe), and the 

swamp tree Erythrina variegata (ngatae) (Fall, 2010). In May 2017, a 670 cm sediment core was 

retrieved from Ngofe Marsh from the centre of the basin. The core segments were collected using 

a 5-cm diameter Russian peat corer with a 50-cm long sampling chamber. The cores were retrieved 

with 10-cm overlaps to avoid missing any part of the sequence, boxed carefully to avoid movement 

during transit, and transported back to the UK within 48 hrs after collection. All cores were stored 

at 5°C at the University of Southampton cold core storage facility, UK.  

2.3.3 Radiocarbon dating for Ngofe Marsh 

Three macrofossil and three bulk-sediment samples were dated using AMS (accelerator 

mass spectrometry) radiocarbon techniques at the SUERC NERC Radiocarbon Laboratory. 

Radiocarbon dates were calibrated using the Southern Hemisphere calibration curve (Hogg et al., 

2020). The age-depth model for Ngofe Marsh was created using the rbacon package in R Studio 

(Blaauw and Christen, 2011; RStudio Team, 2015; R Core Team, 2017) (see Table 5-3). 

2.3.4 Palynomorph and charcoal extraction, identification, and counting 

Sixty-one core sediment subsamples were prepared for analysis following standard 

procedures (Erdtman and Wodehouse, 1944) giving an approximate resolution of one sample per 

120 years for the Ngofe Marsh main core. Subsamples of 1-cm3 volume were taken from the core 

and Lycopodium tablets (batch #3862, n= 9666 and batch #140119321, n=19,855) were added in 

order to calculate charcoal concentrations (Stockmarr, 1971). See the supplementary information 

for detailed description of the pollen preparation methods. Pollen grains were counted at 400x 

magnification with detailed identification and photography of grains at 1000x magnification (Figure 

5-4). Pollen identification was carried out using the pollen reference collection of Prof. John Flenley 

stored at the Department of Geography, Geology and Environment, University of Hull, and three 

pollen keys (ANU, 2007; Gosling et al., 2013; Poliakova and Behling, 2016). The pollen percentage 

diagram was created in Tilia 2.0.41, and pollen assemblage zones were determined using CONISS, 

a cluster analysis technique included in Tilia (Grimm, 1987; Grimm, 1990). 
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To investigate fire history around Ngofe Marsh, we counted micro- and macro-charcoal fragments 

at ~10 cm intervals. Micro-charcoal particles (<125 µm), indicating a regional fire signal, were 

identified in the pollen slides as opaque, black, and angular fragments. The micro-charcoal particles 

were counted alongside pollen grains and the exotic Lycopodium spike across regularly spaced 

transects on each slide (Wang et al., 1999). Macro-charcoal samples, counted to reconstruct local 

fire history, were prepared by sieving 1-cm3 sediment samples at 125 µm and retaining the ˃125-

µm fraction; this was bleached with 6% H2O2 until the reaction stopped. All macro-charcoal 

fragments in a sample were counted using a stereo microscope. 

2.3.5 Palaeoecological information of the additional pollen records 

We augmented the Ngofe Marsh pollen data with three pollen datasets: 1) Avai’o’vuna 

Swamp, a coastal wetland on Pangaimotu Island in the Vava’u island group (Fall, 2005), 2) Finemui 

Swamp on the small island of Ha’afeva, and 3) Lotofoa Swamp on the island of Foa (Flenley et al., 

1999) (Figure 2-1). All sites are relatively low lying (<7 m a.s.l.) and hence have the potential to be 

impacted by changes in RSL. For these sites the age-depth models were re-calibrated using the 

SHCal20 calibration curve (Hogg et al., 2013). We digitised the pollen percentage diagrams and core 

stratigraphies from Lotofoa Swamp (basal age 7200 cal. years BP) and Finemui Swamp ( basal age 

5200 cal. years BP) of Flenley et al. (1999) using ImageJ software (Schneider et al., 2012). We used 

the original counts from Avai’o’vuna Swamp (basal age 4800 cal. years BP) from Fall (2005). 

2.3.6 Vegetation groupings 

We classified all pollen taxa into one of the following groups: littoral, mangrove forest, 

rainforest, successional/ disturbance, wetland, and other, see Table 2-1; following Whistler (1992) 

and Ellison (1990). Mangrove taxa have been listed previously for Tonga (Ellison, 1990), and littoral 

taxa were identified with reference to the flora of Malinoa island (21° 2'12.33"S 175° 7'43.84"W). 

The census flora list of Malinoa island was used as an example of a littoral habitat ecosystem due 

to the island’s small (~0.66 km2) area and low elevation (< 7 m.a.s.l.). Genus and family names with 

the prefix cf. were omitted. Uncertain pollen and spore identifications also were omitted. Taxa with 

the notation “comp.” (favourably comparable) and “sim.” (similar to) were included (Benninghoff 

and Kapp, 1962).  
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Table 2-1 List of the six vegetation groups used to classify the fossil pollen taxa: littoral, mangrove, 

rainforest, successional, or disturbance, wetland, and others. Information on the vegetation 

classifications and description is inferred from on contemporary vegetation ecology based on 

Whistler (1992), and Ellison (1990). 

Vegetation 

group 

Description and ecology Typical fossil pollen taxa 

Littoral Includes coastal back-beach herbs, shrubs, 

and trees, also plants of coastal raised 

rocky shorelines. These are usually narrow 

vegetation zones affected by marine 

influences such as part-saline 

groundwater, reduced freshwater 

availability and perhaps salt spray. Taxa 

are often water dispersed (Fall and 

Drezner, 2011). 

Barringtonia, Casuarina, Cocos 

nucifera, and Pandanus. 

Mangrove 

forests 

Taxa growing around mean tide elevations 

up to high tide. Taxa are mostly water 

dispersed (Fall and Drezner, 2011).  

Acrostichum, Excoecaria, Rhizophora 

and Rhizophoraceae. 

Rainforest type Includes coastal forest (further inland than 

the littoral forest), lowland forest, and 

montane forest with canopies up to 30 m 

in height. According to Fall (2010), this 

was the dominant vegetation type before 

human arrival in most areas, apart from 

those that have experienced recent 

volcanic activity (Whistler, 1992). 

Anacardiaceae, Canarium, Diospyros, 

Dysoxylum, Elaeocarpus, Myrtaceae, 

and Sapotaceae. 

Successional, or 

disturbance-

adapted 

secondary forest 

Includes managed land, secondary scrub, 

and secondary forest. Many species are 

considered anthropochores. 

Homalanthus, Macaranga, Plantago 

and Trema. 
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Wetland This includes inland freshwater wetlands 

(which may be close to the coast) and 

upland wetlands that are dominated by 

herbaceous taxa.  

Cyperaceae, Polygonum, 

Potamogeton, Stenochlaena, and 

Typha.  

Other Includes grasses, lowland volcanic scrub, 

upland scrub, and taxa which cannot be 

otherwise classified due to taxonomic 

uncertainty/ lack of botanical information.  

Monolete fern spores, Poaceae, and 

trilete fern spores.  

2.3.7 Sediment and tephra analysis 

We used two methods to detect tephra falls from volcanic eruptions: 1) tephra content and 

tephra shard geochemistry, and 2) the stratigraphic description from sedimentary sequences. 

2.3.8 Tephra content and tephra shard geochemistry  

For Ngofe Marsh, we determined the sediment elemental variations and Ti/incoherent-

scatter using an Itrax core scanner (BOSCORF, National Oceanography Centre) using established 

procedures (Croudace et al., 2019). The Scanner used a Mo-X-ray tube and analysis was carried out 

at a 200-µm step-size and a dwell time of 30 seconds. We also used magnetic susceptibility to detect 

layers with higher magnetism that might include potential tephra layers with a predicted higher Fe-

Ti content/mineralogy. These data were obtained using a Bartington MS2 scanner (Dearing, 1994). 

Sections of the cores that displayed relatively higher values of magnetic susceptibility and 

Ti/incoherent-scatter (Tephra layers T1-T5; determined from Itrax scanner, see Figure 5-3) were 

subsampled and analysed for tephra content and tephra shard geochemistry. See the 

supplementary information for the tephra geochemistry method.  

2.3.9 Stratigraphic descriptions of sedimentary sequences. 

For Lotofoa Swamp (Figure 2-1b), and Finemui Swamp (Figure 2-1c), we used the 

stratigraphic description from Flenley et al. (1999) to indicate the locations of tephra layers. For 

Avai’o’vuna Swamp (Fall, 2005) no tephra layers were identified during the analysis of sediment 

cores. However, given the close proximity (6 km) of the two sites, we match the Ngofe Marsh tephra 

dataset to the Avai’o’vuna sedimentary sequence (see Figure 5-3). 
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2.3.10 Holocene sea-level change  

Sea-level change for the Tongan archipelago over the past 6000 years was obtained from 

Fukuyo et al. (2020). The model output we digitised to be used in the linear models was with 

lithospheric thickness of 65 km, lower mantle viscosity of 2 (1020 PaS), and upper mantle viscosity 

1 (1022 Pa S). The same sea level model was used for all four sites. 

2.3.11 Statistical analysis 

The analyses are based on percentage data of the vegetation groups (Table 2-1), in which the 

‘other’ group was removed and the data for the five remaining vegetation groups were rescaled to 

100%. For the Ngofe Marsh pollen record, Cyperaceae, belonging to the wetland habitat group, 

dominated the pollen record (up to 80% of the pollen and spore sum), potentially masking other 

interesting shifts within habitat groups, for this reason Cyperaceae was removed from the Ngofe 

Marsh analysis. Pollen percentage data were log-transformed to normalise distributions. Linear 

models were used to investigate the relationship between the pollen taxa from littoral, mangrove, 

rainforest, successional/ disturbance, wetland vegetation groups, RSL, and volcanic eruptions 

(tephra) at each site separately. The tephra variables consist of 0s and 1s for absence or presence 

of tephra layers, respectively. Tephra layers were assigned dates from the age-depth models (Figure 

5-2). Temporal changes of vegetation groups were visualised for each island using local polynomial 

regression fitting (Figure 2-3). 

2.4 Results 

2.4.1 Pollen, spores, and charcoal records for Ngofe Marsh 

The core stratigraphy, radiocarbon dates (Table 5-3), and calibrated age-depth models 

(Figure 5-2), are presented in supplementary information. The pollen diagram (Figure 2-2) was 

divided in three zones based on CONISS cluster analysis (Grimm, 1987).  

2.4.1.1 Pollen assemblage zone one: 639–414cm (7440–4920 cal years BP): 

This pollen zone contains 24 samples. Mangroves (Rhizophoraceae 31%), rainforest 

(Elaeocarpus-type 12%, Syzygium 9%), disturbance taxa (Trema 12%), and ferns (monolete fern 

spores 5%) dominate the record. A ~300-year peak in Trema starts at around 3900 cal. years BP and 

is associated with a tephra layer. There are also minor occurrences of coastal taxa such as 

Terminalia-type (1%) and rainforest taxa such as Arecaceae, Burseraceae, Calophyllum, Fabaceae, 
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Homalium, Ixora, Melastomataceae, Meliaceae, and Sapotaceae. The disturbance taxa 

Homalanthus and Rhus are found in abundances of <1% and 5%, respectively. Macro- and micro-

charcoal concentrations are low (<1 fragment per cm3 and ~15700 fragments per cm3 respectively). 

2.4.1.2 Pollen assemblage zone two: 414–206cm (4920–2040 cal years BP) 

This pollen zone contains 22 samples. There are evident peaks in Trema 17%, Stenochlaena 

fern spores 17%, Macaranga 15%, monolete fern spores 14%, and cultivated Poaceae grains ˃ 40 

µm 2%. The primary rainforest taxa Elaeocarpus and Syzygium decrease to 4 % and 1 %, 

respectively. The successional taxon Rhus also decreases to 1%. Micro-charcoal concentrations 

increase to around 725,000 fragments per cm3. Macro-charcoal concentrations remain low (~2 

fragments per cm3) or zero.  

2.4.1.3 Pollen assemblage zone three: 206–44 cm (2040–430 cal years BP) 

This pollen zone contains 15 samples and coincides with reed peat in the stratigraphy. 

There is increased pollen from Cyperaceae 80%, Pandanus 17%, Macaranga 14%, and Poaceae 13%. 

For most samples, pollen from rainforest taxa and mangroves is absent. Micro-charcoal 

concentrations are lower (140,000 fragments cm-3) than in Pollen assemblage zone two, but macro-

charcoal is present with high concentrations of ~100 –600 fragments per cm3. 

2.4.2 Tephra falls from volcanic eruptions 

Analysis of samples (T1-T5) from Ngofe Marsh confirmed that these sediment layers 

contain tephra. The samples have not been geochemically matched to specific eruption events. 
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Figure 2-2 Pollen, spores, and charcoal from Ngofe Marsh; pollen and spore percentages display 

taxa >2%. Pollen and fern spores are included in the total sum. Uncertain identifications have 

been omitted from the CONISS calculations (Grimm, 1987). Zonation is based on the CONISS 

dendrogram and represented as fine dashed lines. Tephra layers are indicated as T1-T5 on the 

left-hand side and are shaded in blue. The potential timing of human arrival (HA) is represented as 

a purple dashed line based at ~2670 cal. years BP. The timing of the Mid-Late Holocene RSL high 

stand, according to Fukuyo et al. (2020), is shown on the right-hand side.  

2.4.3 Regional analyses of multiple pollen records from Tonga 

According to the linear model results of all four study sites, tephra falls from volcanic 

eruptions do not significantly explain the dynamics of littoral, mangrove, rainforest, successional/ 

disturbance, or wetland vegetation at different points in time, (p>0.05, see Table 2). Meanwhile, 

RSL significantly explains vegetation group dynamics at Ngofe Marsh (littoral, p < 0.001, R² = 0.3; 

wetland, p < 0.001, R² = 0.4), Lotofoa Swamp (mangrove, p < 0.01, R² = 0.4; wetland, p < 0.05, R² = 

0.4), and Finemui Swamp (littoral, p < 0.01, R² = 0.03; mangrove, p < 0.001, R² = 0.7; successional/ 

disturbance, p < 0.01, R² = 0.3; wetland, p < 0.001, R² = 0.7) (Table 2-2). The model coefficients show 

that successional/ disturbance and littoral taxa have a negative relationship with RSL, whereas 

mangroves taxa have a positive relationship with RSL. Wetland taxa show mixed coefficients.  
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Table 2-2 Temporal trends of littoral, mangrove, rainforest, successional/ disturbance, and 

wetland vegetation groups as revealed by linear models. R2 are reported to show the strength of 

relationships and p-values indicating significance are given in parentheses For significant results, 

the directions of the coefficients are given (positive or negative relationship). 

Site Drivers of 

change 

Littoral Mangrove Rainfores

t 

Successional

/ 

disturbance 

Wetland 

Ngofe Marsh 

(‘Uta Vava’u Island, 

Vava’u Group) 

RSL R² = 0.3 

(p<0.001) 

Negative 

coefficien

t 

(p>0.05) (p>0.05) (p>0.05) R² = 0.4 

(p<0.001) 

Positive 

coefficient 

Ngofe Marsh 

(‘Uta Vava’u Island, 

Vava’u Group) 

Tephra (p>0.05) (p>0.05) (p>0.05) (p>0.05) (p>0.05) 

Avai'o'vuna Swamp 

(Pangaimotu Island, 

Vava’u Group) 

RSL (p>0.05) (p>0.05) (p>0.05) (p>0.05) (p>0.05) 

Avai'o'vuna Swamp 

(Pangaimotu Island, 

Vava’u Group) 

Tephra (p>0.05) (p>0.05) (p>0.05) (p>0.05) (p>0.05) 
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Lotofoa Swamp 

(Foa Island, Ha’apai 

Group) 

RSL (p>0.05) R² = 0.4 

(p<0.01) 

Positive 

coefficient 

(p>0.05) (p>0.05) R² = 0.4 

(p<0.05) 

Negative 

coefficient 

Lotofoa Swamp 

(Foa Island, Ha’apai 

Group) 

Tephra (p>0.05) (p>0.05) (p>0.05) (p>0.05) (p>0.05) 

Finemui Swamp 

(Ha’afeva Island, 

Ha’apai Group) 

RSL R² = 0.3 

(p<0.01) 

Negative 

coefficien

t 

R² = 0.7 

(p<0.001) 

Positive 

coefficient 

(p>0.05) R² = 0.3 

(p<0.01) 

Negative 

coefficient 

R² = 0.7 

(p<0.001) 

Positive 

coefficient 

Finemui Swamp 

(Ha’afeva Island, 

Ha’apai Group) 

Tephra (p>0.05) (p>0.05) (p>0.05) (p>0.05) (p>0.05) 

The analysis of how vegetation groups change over time shows that Ngofe Marsh’s mangrove and 

rainforest taxa were relatively abundant between ~7000–4000 cal. years BP after which their 

abundances declined (Figure 2-2 and Figure 2-3a). Successional/ disturbance, wetland and littoral 

taxa all increased within the last ~4000 years (Figure 2-3a). Percentage data from Avai’o’vuna 

Swamp shows that littoral taxa were relatively abundant at ~5000 cal. years BP and declined in 

abundance subsequently. Wetland taxa increased toward the present, and rainforest, successional/ 

disturbance and mangrove abundances were all relatively stable (Figure 2-3b). For the other sites, 

the vegetation groupings show that at Lotofoa Swamp, wetland taxa constituted the most 

dominant vegetation type at ~7000 cal. years BP, but decreased at ~3000 cal. years BP, then 

increased again to become the most dominant group towards the present. Mangrove taxa 
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increased until ~3000 cal. years BP, but then began to decline. Littoral, rainforest, and successional/ 

disturbance taxa were somewhat stable (Figure 2-3c). Finemui Swamp mangrove taxa dominated 

the record until ~500 cal. years BP, after which successional/ disturbance, littoral and wetland taxa 

increased. Rainforest taxa remained at relatively low abundances throughout the record (Figure 

2-3d). 

 

 

Figure 2-3 Temporal change of vegetation groups for each island using local polynomial regression 

fitting. The four sites are organised from north to south: a) Ngofe Marsh (‘Uta Vava’u Island), b) 

Avai’o’vuna Swamp (Pangaimotu Island), c) Lotofoa Swamp (Foa Island) and d) Finemui Swamp 

(Ha’afeva Island). Trend lines indicate changes in fossil pollen percentages for 

successional/disturbance related taxa (pink), littoral taxa (olive green), mangrove taxa (green), 

rainforest taxa (blue) and wetland taxa (purple). Confidence intervals of 95% are shown in grey. 

The RSL curves (dashed black line) are redrawn from Fukuyo et al. (2020) for each site. Tephra 

layers are shown as vertical dashed lines.  
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2.5 Discussion 

2.5.1 Regional trends and drivers of vegetation change 

Vegetation groups within the Tongan archipelago show different patterns of change 

throughout the Mid-Late Holocene Figure 2-3. Our analyses suggests that RSL has been an 

important driver of change for littoral, mangrove, successional/ disturbance, and wetland 

vegetation at Ngofe Marsh, Lotofoa Swamp, and Finemui Swamp (Table 2-2). In contrast, volcanic 

eruptions have not been a driver of change for any of the vegetation groups from any of the islands 

included in the analysis (Table 2-2). 

One explanation for the non-significant results for tephra deposition is that vegetation in Tonga 

might be resilient or resistant to volcanic activity. However, tephra layers deposited at Lotofoa 

Swamp and Finemui Swamp were relatively thick (50 and 37 cm respectively) and might be 

expected to have caused vegetation changes, given that the magnitude and persistence of 

ecological impacts are often related to ash thickness (Dale et al., 2005). Mangroves for example, 

can suffer mortality after their roots have been buried in sediments 50 cm deep (Ellison, 1999). 

Further research tying tephra geochemical data to known regional eruption dates and locations will 

bring improved information on the understanding of sources of tephra ash and distances from the 

sites. In addition, the temporal resolution of pollen records may present a challenge for capturing 

rapid vegetation changes or recoveries following volcanic eruptions. For example, the Avai’o’vuna 

Swamp pollen record has one pollen sample every ~440 years, Lotofoa Swamp has one sample 

every ~ 300 years, Finemui Swamp has one sample every ~200 years, and Ngofe Marsh has one 

sample every ~120 years, potentially limiting the identification of vegetation responses and 

recoveries following short-lived eruption events, which can occur on shorter timescales (see 

Strandberg et al., 2023b). Our results, however, suggest that volcanic eruptions did not have multi-

centennial scale impacts on vegetation of these islands.  

An additional challenge encountered was related to the classification of certain fossil pollen taxa 

according to vegetation groups. For example, Cocos nucifera and Casuarina, which may be 

considered as introduced in some parts of the South Pacific (see Fall, 2010 for discussion), may also 

be considered a coastal or littoral taxa (Whistler, 1992). In our analysis Cocos nucifera and Casuarina 

have been included in the littoral taxa group. Pandanus is another example of a genus which can 

be placed into two vegetation types since it is both a coastal and littoral tree (Whistler, 1992) and 

is also somewhat fire tolerant (Prebble et al., 2005), indicating that it may be considered a 

disturbance or successional taxon. In our analysis we have placed Pandanus in the littoral group. 
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Although in this study we focus on RSL and volcanic eruptions, we would like to highlight that 

Holocene proxy precipitation and temperature records from Tonga are currently absent and data 

linking vegetation responses to climate events are limited. Exceptions come from Efate, Vanuatu, 

where a decline in rainforest vegetation was interpreted as being caused by drier conditions 

between 3790–3600 cal. years BP (Combettes et al., 2015). Another study from Vanuatu shows 

increased vegetation turnover associated with a shift from wetter to drier conditions 1100 cal. years 

BP (Strandberg et al., 2023b). In Fiji a possible dry phase and change in fire regime may indicate a 

response to an increase in ENSO events 5000 ca. years BP (Hope et al., 2009).  

The same limitations occur with datasets of human-related impacts, such as anthropogenic fires. 

Micro-charcoal datasets, which indicate regional fires, or fire intensity, are only available from 

Ngofe Marsh and Avai’o’vuna Swamp. For example, for Ngofe Marsh, micro-charcoal particles 

increased after ~5000 cal. years BP, prior to human arrival, which is dated 2805–2760 cal. years BP 

for Vava’u (Burley et al., 2015). However, fire cannot be considered a regional event since at 

Avai’o’vuna Swamp, located ~6 km away, micro-charcoal particles were first detected at 2850-2410 

cal. years BP (2620 14C years BP) (Fall, 2005). There are also no tephra layers associated with the 

first peaks in micro-charcoal ~5000 cal. years BP and pre-human fires may have been caused by 

lightning strikes. In addition, local fires data (i.e., macro-charcoal particles) are only available for 

Ngofe Marsh. These data indicate that high concentrations of macro-charcoal are only found from 

2040 cal. years BP, indicating a potential association with human-related impacts (Figure 2-2). Fire 

history for Tonga is therefore far from being resolved, and this currently prevents further regional 

analysis. It is also still unclear to what degree macrocharcoal fragments indicate spatial variation in 

burning or differences in fire intensity.  

2.5.2 Relative sea-level and direction of vegetation changes 

We found different relationships between RSL and vegetation groupings, from a non-significant 

relationship for rainforest taxa to significant relationships for littoral, mangrove, successional/ 

disturbance, and wetlands. While the non-significant relationship for rainforest taxa might be 

explained by rainforest habitat being located on the inland portion of the islands, the explanation 

for the other vegetation groups is more complex. For example, wetland taxa display a complex 

pattern of responses to RSL change, demonstrated by both positive and negative coefficients (Table 

2-2). When RSL was higher (5000 –2000 cal. year BP), more wetland taxa were present at Finemui 

Swamp and Ngofe Marsh (excluding Cyperaceae for Ngofe Marsh). However, wetland taxa 

increased at Lotofoa Swamp when RSL started to decline ~2000 years ago. These results indicate 
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that site-specific factors, such as local hydrology (e.g., driven by climate changes), as well as 

hydroseral development, may be important for the development of Tongan wetlands (Table 2-2). 

For example, RSL was at a similar level to today at Ngofe Marsh ~5500 cal. years BP but mangrove 

pollen was found to be present at that time but is missing from recent samples. Sediment infilling 

of the Ngofe Marsh basin may be the cause of this difference in vegetation. 

Mangrove responses are more straightforward to interpret, for example, mangrove forests were 

relatively more abundant at Lotofoa and Finemui Swamps, when RSL was higher during the Mid-

Late Holocene high-stand ~5000–2000 cal. years BP (Figure 2-3) (Ellison, 1989; Fall, 2005). Two 

scenarios may provide possible explanations for this. The first scenario is that rising sea levels 

caused landward migration of mangrove taxa. The second, is that higher RSL led to increased water 

height and salinisation of the wetlands through the permeable limestone bedrock. Since Excoecaria 

agallocha pollen (native mangrove), usually reflects local presence (Pandey and Holt, 2018), the 

second scenario is perhaps more plausible.  

While lower RSL corresponds with increases in the littoral group at two sites (Ngofe Marsh and 

Finemui Swamp), higher sea levels led to the decline of the successional/disturbance taxa group 

at Finemui Swamp (Figure 2-3). During the same time period, however, there was an increase in 

human impacts in the region, 2805–2760 cal. years BP (Burley et al., 2015), noted by (Ellison, 

1989; Fall, 2005) to coincide with a fall in sea level, and this may suggest an alternative driver, or 

perhaps two drivers, of change. 

2.5.3 A summary of 7400 years of vegetation change at Ngofe Marsh, Uta Vava’u Island, 

Vava’u group 

Between 7400 and 5000 cal. years BP, Ngofe Marsh, which is currently a sedge wetland, 

was likely a freshwater lake surrounded by mangroves (Rhizophoraceae) and diverse primary 

rainforest, with Arecaceae, Elaeocarpus (ma‘ama‘alava), Sapotaceae, Syzygium, and Rhus (tavahi). 

After 5000 cal. BP, mangroves declined, and there was an increase in ferns, including Microsorum, 

Stenochlaena, possibly S. palustris (pasivaka), and unidentified fern taxa (monolete spores). Sedges 

(Cyperaceae), grasses (Poaceae), the trees Macaranga, Trema, and the tree-like-monocot 

Pandanus have dominated over the last two millennia after the transition from lake to sedge 

wetland, and the increasing occurrence of grass pollen indicates opening up of the landscape 

around Ngofe Marsh, with forest being replaced by agricultural land and settlements, as is seen 

today on ‘Uta Vava’u. 
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The tephra layers (T2 ~3970 cal. years BP and T3 ~3670 cal. years BP in Figure 2-2) coincide with a 

300-year period of high Trema pollen values. Trema, a native successional tree, is associated with 

volcanic ash falls and is classed as a successional/ disturbance taxon in our regional analysis (Flenley 

et al., 1999; Wallin and Martinsson-Wallin, 2010). However, our regional analysis (Table 2) did not 

identify tephra as a driver of change in the successional/ disturbance group. 

At around 2670 cal. years BP, native secondary forest taxa Macaranga and Pandanus increased, but 

some other native forest taxa, many of which are considered to be primary rainforest taxa, such as 

Bischofia, Dysoxylum, Elaeocarpus, Fabaceae, Rhus, Sapotaceae, and Syzygium, declined (Figure 

2-2). This forest decline likely reflects human arrival and its impacts. In addition, Macaranga, which 

is a secondary forest taxon common on disturbed land (Whistler and Atherton, 2015), increased 

after the arrival of humans at ~2670 cal. years BP (Figure 2-2). An increase in Macaranga and 

Pandanus (which can indicate disturbance, see above) after human arrival was also observed at 

Avai’o’vuna Swamp (Fall, 2005) and Finemui Swamp (Flenley et al., 1999). Our analysis shows that 

rainforest-type vegetation is not impacted by volcanic eruptions or RSL change; however, we may 

attribute the decline in native rainforest taxa to human impacts, such as deforestation and/ or 

burning after ~2670 cal. years BP. No introduced taxa, other than Casuarina (see Fall, 2010 for 

discussion), are associated with initial human arrival in this study (Ngofe Marsh), suggesting that 

the area in the vicinity of Ngofe Marsh was not heavily populated by people or used for taro/talo 

(Colocasia esculenta) cultivation; indeed, to the best of our knowledge to date, no archaeological 

findings from the colonisation period have been reported in this area of southwest ‘Uta Vava’u 

Island.  

2.5.4 Island size and vulnerability to relative sea level changes 

Recently, islands have gained considerable focus due to concerns over their vulnerability to sea-

level rise (Fernández-Palacios et al., 2021). Small areas and low elevation are features generally 

considered to increase the vulnerability of an island to sea-level rise and other natural hazards, such 

as coastal flooding (Veron et al., 2019). The island of Ha’afeva is the smallest island included in this 

study (135 ha), and it is also low-lying (14 m a.s.l. maximum elevation) making it the most vulnerable 

to RSL change of the islands (Table 5-2). Our results are consistent with this description and show 

that the island vegetation (littoral, successional/ disturbance, mangrove, and wetlands) seems to 

be particularly sensitive to RSL changes (Table 2-2). Additionally, small islands have smaller 

population sizes making them more vulnerable to loosing taxa (Mueller-Dombois and Fosberg, 

1998; Frankham, 2001; Keppel et al., 2014). On the contrary, results from the sites located on 
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somewhat larger and higher islands, do not display such a strong association with RSL change (Table 

2-2). It is important to highlight that the Avai’o’vuna Swamp, located on Pangaimotu Island, showed 

no significant associations. Vegetation groups at this site appeared to be less variable than the other 

sites, perhaps indicating that vegetation at this wetland, or on this island is somewhat buffered 

from environmental changes. 

2.6 Conclusions 

Considering projections of future sea level rise across the Pacific islands, studies like this 

demonstrate the complex influences on island biodiversity and specifically on coastal habitats. Our 

results highlight that RSL was a driver of vegetation change at three out of four of our study sites, 

with the smallest island (Ha’afeva) the most impacted. A better understanding of past periods of 

higher sea level may help to anticipate how ecosystems in Tonga are likely to react to future sea 

level rise. 

Although results indicate the non-significance of tephra deposition as a driver of change on Tonga’s 

vegetation, vegetation responses may have not been detected for several reasons. It may be, for 

example, that factors such as the distance of sites from the sources of eruptions served to minimise 

effects, though some observed tephra layers were moderately thick. Furthermore, as volcanic 

events are, while large, highly infrequent, there are few datapoints to test. If responses occurred 

but were short-lived (i.e., decades), the fairly coarse temporal resolution of these pollen datasets 

is not ideal. If this were the case, however, Tongan ecosystems appear in the longer term (centuries) 

to have been resilient in the face of regional volcanism.  
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3.1 Abstract 

Introduction: Islands of the Southwest Pacific are exposed to geologic and climate-related 

disturbances that occur on a range of timescales and which probably affect, to varying degrees, 

their terrestrial ecosystems. Over the past ∼1100 years we know of two major events in the 

region: the Kuwae eruption which is thought to have occurred ∼500 cal. years BP and a shift to 

drier conditions which began ∼1100 cal. years BP. 

Methods: We investigated terrestrial and lacustrine ecosystem responses to these events and 

also to a changing fire regime, likely human-caused, using a multi-proxy (C/N, charcoal, 

chironomids, pollen, and tephra) record from Lake Emaotul, Efate, Vanuatu. 

Results: Tephra from the Kuwae eruption was found across a 6 cm layer which our age-depth 

model suggests was deposited 650–510 cal. years BP (95% confidence). Forest and chironomid 

community turnover increased during the wet-dry shift 1100–1000 cal. years BP; subsequently, 

chironomid turnover rates decreased again within <135 years and vegetation had partially (but 

not fully) recovered after ∼80 years. Following Kuwae volcanic tephra deposition, vegetation 

turnover increased again, reflecting a reduction in small trees and shrubs and an increase in 

grasses. Subsequently, the forest vegetation did not regain its previous composition, whereas 

chironomid community composition remained fairly stable before and after tephra deposition. 

Within the last ∼90 years, enhanced local burning drove another increase in vegetation turnover. 

Discussion: Terrestrial and freshwater ecosystems in Efate are sensitive to changes in 

hydroclimate, volcanism, and anthropogenic fires, although to different degrees; while recent 

human impacts are often obvious, volcanic eruptions and climatic shifts have also structured 

Pacific-island ecosystems and will continue to do so. 
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3.2 Introduction 

Islands are often home to high levels of endemism compared with mainland ecosystems, and they 

also contribute disproportionately by land area to total terrestrial diversity (Kier et al., 2009; Losos 

and Ricklefs, 2009). Palaeoecological records from islands around the world have shown that 

human arrival is generally associated with accelerated turnover in floristic diversity (Nogué et al., 

2021) and faunal extinctions (Steadman et al., 2002; Bedford and Spriggs, 2014; Gosling et al., 

2017). Under such dramatic anthropogenic changes, the impacts of natural disturbances and 

climate change are challenging to identify, yet they also influence ecosystem dynamics. South 

Pacific islands are often exposed to natural hazards: cyclones, droughts, landslides, tsunamis, 

earthquakes, and volcanic eruptions (Siméoni, 2009; Bedford and Spriggs, 2014). Such events 

would have been the main drivers of change prior to human settlement. High-resolution 

palaeoecological records, such as the one presented here, provide valuable data on the rates and 

patterns of recovery of terrestrial ecosystems following natural disturbances. 

The January 2022 Hunga Tonga–Hunga Haʻapai eruption is a timely reminder of how Pacific 

islands can be exposed to volcanic hazards. Responses to eruptions often relate to substantial 

tephra falls and have been documented previously in palaeovegetation records from both 

continental and island locations (Table 5-8). For example, in the tropical Andes of Ecuador, a lake-

sediment record from a páramo (alpine grassland) landscape showed a slight increase in herb 

pollen, a decrease in local and long-distance forest taxa, and a relatively quick (<100 years) 

recovery following volcanic tephra deposition, whereas in a forested, pre-montane landscape, the 

forest opened up after tephra deposition and took around 150 years to return to the pre-eruption 

state (Montoya et al., 2021). On the eastern Atlantic Ocean island of Brava, Cabo Verde, repeated 

tephra deposition between 1800 and 650 cal. years BP coincided with an expansion of fern-rich, 

woody scrubland and the decline of previously dominant Urticaceae and Poaceae (Castilla-Beltrán 

et al., 2021b). In southern Italy, pollen records have shown a decrease in vegetation productivity 

following eruptions (Allen and Huntley, 2018). Generalisations about recovery rates are difficult to 

make, as the extent of the impact depends on a range of factors: the volume of ash ejected, 

thickness of ash (Allen and Huntley, 2018), the height of vegetation, ground surface roughness 

(Arnalds, 2013), how long ash persists in the catchment (Hickman and Reasoner, 1994), distance 

from the eruption, the nutrients released, the types of vegetation and propagules that survive 

(Dale et al., 2005), and local climate conditions (Wilmshurst and McGlone, 1996). 

Lacustrine ecosystems are also impacted by volcanic eruptions. Nutrient enrichment can alter 

their ecology, but, as with terrestrial ecosystems, aquatic responses to ash falls can vary 
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depending on lake and catchment characteristics. Volcanic ash may deposit elements such as 

sulphur and decrease soil pH, which in turn may release acid-soluble metals into soil solution 

(Cronin et al., 1997) as well as to groundwater and lacustrine environments. Low inputs of tephra 

can also have a fertilising effect on soils (Arnalds, 2013). The 2011 eruption of the Puyehue 

volcanic complex in Chile ejected large amounts of ash and pumice, and in some lakes, this 

resulted in increases in suspended solids, light exclusion, increased phosphorus and increased 

biomass of phytoplankton in relation to the pre-eruption conditions (Modenutti et al., 2013). Also 

in Chile, at Lake Galletué, palaeoecological reconstructions indicated that tephra deposition in 

1957 CE resulted in a transient increase in nutrients, identified through diatom analysis (Urrutia et 

al., 2007). Montoya et al. (2021) suggested that the vegetation surrounding a lake or within a 

catchment may be important for creating a barrier against deposition and to reduce tephra runoff 

into lakes. Laguna Baños, on the Ecuadorian Andean flank, is surrounded by open páramo and 

thus not protected by a forest barrier, making it susceptible to tephra in-wash (Montoya et al., 

2021). Here, there was also a significant shift in chironomid assemblage composition after ash 

deposition that may have been caused by shallowing of the lake. According to the results of 

Matthews-Bird et al. (2017); and Montoya et al. (2021) the chironomid regime shift has still not 

recovered today, 1500 years later. 

With regards to the Pacific islands, hydroclimate changes are another source of environmental 

variation; they are strongly related to movement of the South Pacific Convergence Zone (SPCZ), a 

rain band that delivers precipitation to the islands of the South Pacific Ocean (Hassall, 2017; Sear 

et al., 2020). During El Niño events, the SPCZ moves northwards, which can lead to severe 

droughts in more southerly islands, including Vanuatu. For example, during the 1994/1995 CE 

drought in Vanuatu there was no rain for nine months, and communities experienced water 

shortages and the loss of livestock and crops (McNamara and Prasad, 2014). The impacts of dry 

periods on South Western Pacific islands in the past may have been severe, and it has been 

suggested that drought coupled with other societal pressures may have been the impetus for 

Polynesians to explore the Eastern Pacific islands (Sear et al., 2020). In particular, a drier climate 

phase has been identified  around 1100–500 cal. years BP in Vanuatu, Sāmoa, and Atiu (Cook 

Islands) (Sear et al., 2020; Maloney et al., 2022).  

People settled Vanuatu 3000 years ago (Lipton et al 2020), meaning they have been part of the 

ecosystem for the duration of this record. An increase in charcoal fragments has been identified in 

a palaeoecological record from Aneityum island, Southern Vanuatu, and is associated with human 

arrival (Hope and Spriggs, 1982). Evidence of burning throughout the last 2000 years has also 
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been detected in another palaeoecological record from the island of Erromango (Hope et al., 

1999) but the effects of fire on vegetation turnover remain unknown.  

Here we investigate a 1600 year record that gives insight into how terrestrial vegetation and 

components of the lacustrine system responded to this past drier climate phase (precipitation 

record previous published by Maloney et al., 2022), to the Kuwae eruption, and to changes in fire 

regime.  

3.3 Materials and methods 

3.3.1 Site description 

The nation of Vanuatu in the Southwest Pacific stretches 1000 km from north to south and 

comprises over 83 islands, which formed as a result of uplift and volcanism associated with the 

New Hebrides Arc, where eastward subduction of the Indo-Australia Plate beneath the Pacific 

Plate occurs (Stewart et al., 2010b). Around 90% of the islands of Vanuatu are less than 1.8 Ma 

years old (Mallick, 1975). Here we focus on Efate, Central Province, the location of Port Vila, the 

capital city of Vanuatu. Efate has a volcanic core (Ash et al., 1978), but the surface geology is 

dominated by uplifted coral sequences and the Efate Pumice Formation, which form the main 

topography of the centre of the island (Raos and McPhie, 2003). A series of now uplifted coral 

terraces formed within the last 300,000 years along the island coast (Taylor et al., 1987). 
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Figure 3-1 A) The location of Vanuatu within the Pacific Ocean; B) the Southern and central islands 

of Vanuatu, the red triangle indicates the location of the Kuwae submarine caldera; C) The island 

of Efate. Yellow circles indicate the location of archaeological sites and the red crosses indicate 

palaeoecological sites including Lake Emaotul (Wirrmann et al., 2011, Combettes et al., 2015). D 

and E are photographs taken from the shore of Lake Emaotul in October 2015. 

3.3.2 Climate and regional vegetation 

The climate of Vanuatu is tropical, with temperatures ranging between 23–33°C (Singh et al., 

2019). The main climate influences are the position and variability of the West Pacific Warm Pool 

(WPWP) and SPCZ (Vincent, 1994). Summers are relatively wet and often feature cyclones, while 

winters are drier. South-westerly trade winds prevail for most of the year. Mean annual rainfall on 

Efate varies from 3000 mm on the eastern coast of the island to 2400 mm on the western coast 

(Cillaurren et al., 2001); however, yearly rainfall totals vary in relation to the state of ENSO (the El 
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Niño Southern Oscillation), a pattern of inter-annual climate variability linked to changes in sea-

surface temperatures and precipitation (Wyrtki, 1975). During El Niño events the SPCZ is in a 

more northerly position, and during La Niña events it extends to a more south-easterly position. 

Typically, during an El Niño phase the climate of Vanuatu is drier than average, while during the 

opposite La Niña phase it is wetter than average (Wirrmann et al., 2011; Combettes et al., 2015).  

The vegetation of Vanuatu varies with human impacts, soil type, leeward or windward locations, 

and altitude (Mueller-Dombois and Fosberg, 1998). The vegetation can be generally classified as 

lowland rain forest, montane cloud forest, seasonal forest, scrub, grassland, pioneer species 

growing on new volcanic surfaces, coastal taxa including mangrove forests, and secondary and 

cultivated vegetation  (see Mueller-Dombois and Fosberg, 1998 for detailed descriptions). 

3.3.3 The Kuwae eruption 

The Kuwae submarine caldera is located between the islands of Epi and Tongoa in Vanuatu 

(Figure 3-1B), around 100 km north of Efate (Figure 3-1). Evidence from multiple ice cores, 

historical records, and tree rings from the Northern and Southern hemispheres suggested a single 

eruption of Kuwae in either 1452 or 1453 CE (Gao et al., 2006). However, evidence from ice cores 

from the Law Dome site, Antarctica, has identified a large sulphate signal dating to ~1458 CE 

which may been from the Kuwae eruption (Plummer et al., 2012). Yet, South Pole ice cores 

containing cryptotephra which was deposited ~1458 CE do not match with Kuwae tephra 

(Hartman et al., 2019) and Kuwae tephra is get to be detected within Antarctic ice cores. Locally, 

the geology of the mainly submarine Kuwae volcano is represented by a complex sequence of 

andesitic to dacitic pyroclastic deposits covering the islands of Epi, Tongoa, Laika and other nearby 

islets. Németh et al. (2007) suggest that terrestrial deposits were consistent with pyroclastic flows 

from median to small eruptions but dismissed the likelihood of a large eruption in the 1400s CE. 

Using an assumed erupted volume of ~40 km3 (from Robin et al., 1994), and based on analysis of 

melt inclusions, Witter and Self (2007) estimated sulphur release of 175–700 Tg from the 

eruption. If this was during a single event, it amounts to five times the climate-forcing ejection 

produced by the 1815 CE Tambora eruption (Indonesia) (Cole-Dai et al., 2000). The volume of 

material ejected is around six times that ejected during the 1991 CE Pinatubo eruption in the 

Philippines (Pang, 1993). Given the scale of this eruption, we would expect to see evidence of 

tephra deposition and an effect on vegetation in Efate. 
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3.3.4 Human arrival and settlement 

Archaeological and genetic evidence suggests that people first settled Vanuatu c. 3000 years ago 

(Petchey et al., 2014). Later Mangaasi-style ceramics are identified in numerous coastal and inland 

sites from 2300–1200 cal. years BP. The 500–510 cal. years BP Kuwae eruption had an important 

cultural impact since many ni-Vanuatu, the indigenous people of Vanuatu, were forced to migrate 

away from the affected Sheppard and Epi islands (Hoffmann, 2007). Garanger (1972) has 

documented long-standing oral traditions of the movement of people from these islands to Efate 

in the post-eruption period. Furthermore, Bedford et al. (2018) has inferred from a large expanse 

of agricultural features documented from recent LiDAR aerial surveys, that rapid population 

expansion on Efate took place within the last 1000 years. This period is associated with Lapita 

ceramic-ware culture, and these ceramics have been discovered at the coastal Teouma Cemetery, 

to the west of Emaotfer Swamp on Efate (Figure 3-1C). 

3.3.5 Sample collection  

Sediment samples were recovered from Lake Emaotul (sometimes called Duck Lake; 

17°43'57.48"S, 168°24'53.58"E) on Efate. Lake Emaotul was selected because it is a confined lake 

system likely to be sensitive to changes in the precipitation-evaporation balance. It is relatively 

insulated from marine processes compared with other sites on the island due to its elevation (119 

m above sea level). The lake sits within a raised coral reef dated at c. 120,000 BP (Sear et al., 

2020). It has a maximum depth of 7.1 m and is meromictic. A chemocline at 6 m results in a 

suboxic hypolimnion with dissolved oxygen at 5% saturation (Sear et al., 2020). 

Hydrologically, the lake is a closed system. It measures 0.3 km2 in area and has a catchment 

covering 0.98 km2. The lake is fringed by grass-dominated wetlands to the east and west, with the 

swamp-forest taxa Barringtonia, Hibiscus, and Pandanus. The lake surface is mostly open but has 

some cover of water lilies, such as Nelumbo nucifera, Nymphaea spp., and Nymphoides spp. The 

wetland areas are bordered by Phragmites. Beyond the wetland, the lake catchment is covered by 

secondary tropical forest that supports patches of subsistence gardening and cattle grazing (Sear 

et al., 2020). Secondary lowland forest taxa include Metroxylon warburgii (Kalfatak and Jaensch, 

2014). 

The Lake Emaotul cores were retrieved between the 9th and 11th October 2015. The 3.4-m 

sedimentary sequence of overlapping cores was retrieved using a UWITEC gravity corer and a 

piston corer (Geo-Core, Columbus, Ohio, USA) from the deepest part of the lake. Deeper coring of 
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the sediments was impeded by stiff clay. This precluded recovery of sediments that predated 

human arrival. All six recovered cores were stored in airtight tubes during transportation and 

subsequently at +4 °C at the School of Geography and Environmental Sciences (SOGES) at the 

University of Southampton (UK). 

3.3.6 Tephra analysis and dating 

Three subsamples of the core that displayed discrete and high magnetic susceptibility were 

extracted from 173–171 cm, 169–167 cm, and 166–160 cm. To identify the depth range over 

which tephra was deposited small amounts of sediment were smeared on glass slides and 

examined under an optical microscope. All samples contained shards; however, particularly high 

counts of fresh volcanic glass particles occurred between 166–160 cm. To obtain the geochemical 

signature of volcanic glass samples from all three horizons were cleaned in deionised water, and 

the coarsest grains (~63–125 µm) were hand-picked, mounted in an epoxy round, cut, and 

polished. The polished samples were sputter-coated in carbon. An initial suite of three samples 

was analysed using a Jeol JXA8230 Superprobe at the University of Iowa, with repeat analyses and 

an additional eight samples using a JXA8530F Hyperprobe at the University of Auckland. For both 

instruments, points were analysed using an accelerating voltage of 15 kV and a 2-nA electron 

beam current. A defocussed 10-µm beam was used in order to minimise Na loss, with a 5-µm 

diameter required for a few smaller grains. Analysis was completed with 10-s peak and 10-s total 

background dwell times for all elements. To test for Na migration, some analyses were collected 

in two 1-s accumulated peak measurements with 1-s dwell time on background for the second 

measurement. The accumulated Na measurements showed that post-measurement correction of 

Na migration was not required. Analyses were calibrated and quality cross-checked against 

secondary glass standards ATHO-G (MPI-DING), BCR-2G, (USGS) and VG-568 (NMNH 72854). 

The age-depth model is based on the radiocarbon ages of seven plant macrofossils and 34 210Pb 

analyses; see Maloney et al. (2022). All 14C dates were re-calibrated using the Southern 

Hemisphere calibration curve (Hogg et al., 2020) to years before present (cal. years BP). To build 

the age-depth model we used rbacon v2.2 (Blaauw and Christen, 2011). 

3.3.7 Carbon-to nitrogen ratio  

We analysed 188 sediment samples (every 2 cm) for carbon-to-nitrogen (C/N) ratio, which is used 

as an indicator of the source of organic material in a lake (Rice and Hanson, 1984). See 

supplementary information appendix C page 129 for full C/N method. The C/N ratio can vary, 
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since algae are more enriched in nitrogen and depleted in carbon compared with terrestrial 

vascular plants (Tyson, 1995). A C/N ratio of >20 usually indicates a system in which terrestrial 

organic material is dominant (Jones et al., 2013), whereas a ratio of 10–20 likely signifies a 

mixture of terrestrial and aquatic organic inputs. A ratio of <10 is more likely to suggest more 

aquatic plants were present (García-Alix et al., 2012). C/N samples were measured at the British 

Geological Survey, in Nottingham, UK.  

3.3.8 Pollen and spore analysis 

To determine plant community changes, we analysed 32 samples of 1-cm3 volume for pollen and 

spores. The sampling resolution is about 1 sample per ~70 years (14 cm) for the 

majority of the sequence and one sample every ~5 years (1 cm) above and below the 

Kuwae tephra layer ( 

Table 5-6). We followed a standard procedure to extract and count pollen and spores (Erdtman 

and Wodehouse, 1944).  

Pollen grains were counted and identified at x 400 magnification with detailed identification and 

photography of grains at x 1000 magnification (Figure 5-10). Unidentified types were described, 

photographed, and assigned a code; obscured or damaged grains were grouped as unknown. 

Poaceae pollen grains were grouped as either < 40 µm, > 40 µm, > 60 µm or as multiporate grains. 

We used the ANU (2007) Australasian Pollen and Spore Atlas to identify the pollen and spores. 

3.3.9 Charcoal analysis 

Micro-particles of charcoal were quantified from 32 samples by counting in the size range 10–125 

μm alongside exotic Lycopodium spores and pollen on pollen slides (Wang et al., 1999). Particles 

were identified in the pollen slides as opaque, black, and angular fragments. Macro-charcoal 

samples were prepared from the >125-µm sieved fraction created in pollen preparation and were 

bleached with 6% H2O2 until the reaction stopped. All macro-charcoal fragments in each 1 cm3 

sample were counted using a stereo microscope (Whitlock and Larsen, 2001). 

3.3.10 Chironomid analysis 

The head capsules of chironomid larvae were extracted by disaggregating 2 cm3 samples of 

sediment with 10% KOH (following Brooks et al., 2007) The disaggregated samples were then 

sieved to < 90 μm. The head capsules were then picked and mounted with Hydro-Matrix onto 
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microscope slides. The counting and identification was done at x 400 magnification and 

taxonomically identified using Brooks et al. (2007), Andersen et al. (2013), and more specifically 

with a focus on the Southern hemisphere, following Dieffenbacher-Krall et al. (2007) and the New 

Zealand subfossil chironomid taxonomy which can be found at 

https://climatechange.umaine.edu/perl/nzguide.html. Ten samples were analysed, with an 

average temporal resolution of c. 200 years. 

3.3.11 Zonation and ordination analyses  

To identify the occurrence and timing of transitions, we created the pollen and spores and 

chironomid diagrams using Tilia 2.9.1 software  and numerically zoned them using depth-

constrained cluster analysis (CONISS) (Grimm, 1987; Grimm, 1990). All pollen taxa with an 

abundance of >1%, apart from unknown types, were included in the CONISS calculations. The 

same analysis was carried out for the chironomid data. In addition, the arboreal (trees and shrubs) 

to non-arboreal (herbs) pollen ratio was calculated for all depths.  

Using pollen and spore percentages and chironomid percentages we performed detrended 

correspondence analysis (DCA) in R (RStudio Team, 2015; R Core Team, 2017) with the vegan 

package (Oksanen et al., 2007) with the assumption that the DCA axis 1 scores represent turnover (Bush et al., 

2004; Blarquez et al., 2014; Castilla-Beltrán et al., 2021a; Nogué et al., 2021). Unknown pollen types, which were 

assigned a code (Figure 5-10), were included in the DCA. DCA axis 1 scores were used since they 

are considered optimal for analysing percentage data which contains many zeros (Hill and Gauch, 

1980).  

Canonical correspondence analysis (CCA) was conducted on the pollen and spore percentage data 

also using the vegan R package. Micro-charcoal, macro-charcoal (regional and local fire, 

respectively), reconstructed precipitation rate (mm d-1), Ti/ incoherent scatter (erosion), and 

magnetic susceptibility (tephra and erosional events) were incorporated into the CCA as 

environmental variables. To fill data gaps in the precipitation rate dataset (to facilitate 

comparisons with the other proxies) we interpolated between data points. See Maloney et al. 

(2022) for how precipitation rate values were calculated. 

https://climatechange.umaine.edu/perl/nzguide.html
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3.4 Results 

3.4.1 Tephra analysis 

The opportunity to carry out a detailed tephra analysis allowed us to assign the source of the 

main tephra horizon in the record with confidence. Samples between 166–160 cm contain 

dominantly clear, vesicular, angular, and un-weathered volcanic glass, with subordinate brown 

fresh volcanic glass, feldspar, and pyroxene grains (with adhering glass). The coarsest particles of 

2–2.5 mm diameter, and highest concentration of volcanic particles were in the 162–160 cm core 

segment. While we recognise that a firm identification requires further data, the glass texture, 

associated minerals, and glass major-element composition shows a good match to glass analysed 

on the same instrument in this study from near-source sites around the Kuwae Caldera (Figure 

3-2). The age-depth model (Figure 5-9) suggests that the 6 cm layer of Kuwae tephra was 

deposited 650–510 cal. years BP (95% confidence) which is close to estimates of the Kuwae 

eruption occurring in the 1450s CE (Gao et al., 2006; Plummer et al., 2012). 

The sample from 169–167 cm contained mainly weathered and highly altered crystalline rock 

fragments (andesitic to mafic based on mineralogy) as well as rare fragments of clear and highly 

vesicular glass. The composition of these rare glass fragments is not similar to the Kuwae tephra, 

but instead matches the Efate Pumice Formation tephra (~1.7 Ma; Stewart et al., 2010a), which is 

a common contributor to colluvial and alluvial sediments on Efate (Figure 3-2). These early 

Pleistocene glass and older weathered lithic grains from basement rocks, cf. Ash et al. (1978), 

were likely reworked into the lake following earthquakes or during major rain events or cyclones. 

The 173–171 cm samples contained no fresh glass, but inorganic particles were dominated by 

weathered and altered crystalline rock fragments (Figure 3-2). Most compositional analysis was 

unsuccessful on this material, but two analyses showed an andesitic composition, consistent with 

basement rock on Efate (Ash et al., 1978).  
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Figure 3-2 Major element composition of the volcanic glass identified between depth compared 

with known sources where possible. 

3.4.2 Vegetation dynamics: pollen and spore zonation 

Over 100 pollen types were identified, around 5% of which were assigned a code since they could 

not be identified. The pollen diagram is divided into four pollen assemblage zones based on the 

CONISS dendrogram (Figure 3-3). The following percentage values are calculated as means for 

each zone.  

Zone one (341–258 cm, >1620–1120 cal. years BP) comprises of nine samples and is dominated by 

secondary forest taxa Acalypha (30%), Pandanus (4%), Macaranga (20%) Trema (13%), and 

Homalanthus (1%) with occurrences of Poaceae (7%), Cyperaceae (2%), trilete psilate fern spores 

(7%), and monolete psilate fern spores (1%).  

Zone two (258–155 cm, 1120–560 cal. years BP) consists of 13 samples and has relatively high 

proportions of Acalypha (21%), Macaranga (19%), Pandanus (6%), Trema (9%), and Homalanthus 

(3%). Cyperaceae (4%), Poaceae (8%), psilate trilete spores (12%), psilate monolete spores (2%) 

also exhibit relatively higher proportions.  
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Zone three (155–24.5 cm, 560 cal. years BP to 1930 CE) consists of seven samples and shows a 

decline in secondary forest taxa Acalypha (to 16%) Trema (to 6%), Macaranga (to 16%) and an 

increase in Persicaria-type (to 2%), Poaceae (to 17%), Nymphoides (to 1%), Pandanus (to 9%), and 

trilete psilate spores (to 13%). Cyperaceae remains at 4% and monolete psilate fern spores 

declines to 1%.  

Zone four (24.5–1 cm, 1930 – 2015 CE) consists of three pollen samples. In this zone, Acalypha 

Trema, Macaranga, and Pandanus decline to 12%, 0.5%, 14%, and 4% respectively. Herbaceous 

taxa Asteraceae (5% abundance), Persicaria-type (2% abundance) and Poaceae (17% abundance) 

increase. The aquatic plant Nymphoides increases to 2%, as do monolete (to 2%) and trilete fern 

spores (to 26%) whereas Cyperaceae remains at 4%. 
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Figure 3-3 Pollen percentage diagram for Lake Emaotul showing pollen and spores that have been 

taxonomically identified and have >1% abundance in any one sample. Taxa are grouped into trees 

and shrubs (green), dryland herbs (red), wetland herbs (yellow), other herbs (orange), aquatic 

plants (blue), and ferns and fern allies (brown). Taxa that occur in low abundances have been 

shown with x 5 exaggeration (paler shaded areas). The purple-shaded area represents the area 

where Kuwae volcanic tephra was identified, and the pale blue shaded area is the period of 

climate shift from wetter to drier conditions. 

3.4.3 Chironomids 

Ten chironomid taxa were identified. The chironomid diagram (Figure 3-4) is divided into three 

zones using CONISS (Grimm, 1987).  

Zone one (357–252 cm, >1600–1090 cal. years BP) consists of four samples and is dominated by 

Procladius (46%) and Tanytarsus funebris- type (41%).  

Sub-zone two (252–221.5 cm, 1090–910 cal. years BP) consists of one chironomid sample and has 

high proportions of Chironomus anthracinus-type (52%) and Orthocladiinae type 1 (similar to 

Pseudorthocladius) (8%). Procladius and Tanytarsus funebris- type decline to 4% and 24% 

respectively.  

Zone three (221.5–61 cm, 910–160 cal. years BP) consists of five samples and is similar to zone 

one where Procladius increases to 36% and Tanytarsus funebris- type increases to 55%. 

Chironomus anthracinus-type decreases again to 2%.  
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Figure 3-4 Chironomid percentage diagram, the period of climate transition from wetter to drier is 

shown in pale blue and the Kuwae tephra is shown as a purple shaded area. 

3.4.4 Core stratigraphy, AP/NAP, and C/N dynamics 

The core stratigraphy consisted of gyttja throughout. We structured this section following the 

pollen zones from Figure 3-3 (red dashed line). Micro-charcoal concentrations, as shown in Figure 

3-5, are variable in pollen zone one and the mean value is 1300000 particles per cm3, macro-

charcoal concentrations are lower (7 particles per cm3). In pollen zone two, micro-charcoal 

concentrations are relatively lower (1190000 particles per cm3) and macro-charcoal particles are 

still 7 particles per cm3. In pollen zone three, micro-charcoal particle concentrations decrease 

again to 790000 particles per cm3 but there is a relative increase in macro-charcoal particle 

concentrations to 14 particles per cm3. In pollen zone four, micro-charcoal particle concentrations 

remain relatively low at 205000 particles per cm3 but macro-charcoal concentrations increase to 

57 particles per cm3. The ratio of arboreal to non-arboreal pollen varies throughout the record 
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(between 0.4 and 1.96). The most notable shifts in the ratio occur after the Kuwae eruption and in 

the upper part of the record (pollen zone four). Following the Kuwae eruption, AP/NAP increases 

and then declines after ~20 years. The lowest AP/NAP is within pollen zone four. The C/N ratio 

fluctuates thorough the record but does not display any change during the shift to drier 

conditions (Figure 3-5). However, the ratio largely varies around between 12 and 16 with one 

notable decline to 7.8 at 185 cm (~700 cal. years BP), prior to the Kuwae eruption suggesting a 

greater proportion of algal material.  

 
Figure 3-5 Summary diagram of methods used in the study. From left to right: magnetic 

susceptibility (tephra/erosion), Ti/ incoherent scatter (erosion), reconstructed precipitation rate 

mm d-1 and 2Hdinosterol all redrawn from Maloney et al. (2022). What follows is new data from 

this study; micro- and macro charcoal particle concentrations per cm3, indicating regional and 

local fires. Arboreal pollen/ non arboreal pollen ratio (AP/NAP) indicating forest openness, C/N 

indicating organic matter source, and chironomid and vegetation turnover (DCA axis 1 scores). 

The purple shaded area represents samples where Kuwae volcanic tephra is present. The blue 

shaded area represents the transition from wetter to drier conditions during the onset of the 

1100 cal. years BP shift to drier climate conditions. The red dashed lines are consistent with zonal 
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divisions within the pollen diagram. The mean temporal resolution, where 1 cm of sediment 

represents 5 years (1–8 year range) for all the palaeoecological proxies is shown in the 

supplementary information. The mean error for each 1 cm slice of the core was 140 years (95% 

confidence ranges). 

3.4.5 Vegetation and chironomid turnover and Canonical correspondence analysis (CCA)  

We used a turnover measure (DCA axis1) to assess the degree of change in the composition of 

both chironomids and pollen due to the shift to drier conditions (Maloney et al., 2022) and the 

Kuwae eruption (Figure 3-5). Both chironomid and vegetation turnover increased during the shift 

towards drier conditions ~1100 cal. years BP. While chironomid turnover showed no change 

following the Kuwae eruption, the vegetation values indicate greater taxonomic turnover 

following the eruption. There was also a sharp increase and then decline in the arboreal to non-

arboreal pollen ratio (AP/NAP) following the eruption. 

Canonical correspondence analysis (CCA) was used to determine which environmental drivers 

have dominant associations with each pollen zone. CCA axis 1 explained 39% of the variance 

(eigenvalue 0.05) and CCA axis 2 explained 22% (eigenvalue 0.04) (Figure 3-6). Environmental 

variables on the positive side of CCA axis 1 include regional fires, precipitation rate (mm d -1), 

erosion (Ti/ incoherent scatter), and tephra/ erosional events indicated by magnetic susceptibility 

(correlation scores 0.47, 0.61, 0.9, 0.01 respectively, see Table 5-7). One environmental variable, 

macro-charcoal particles (local fires), was located on the negative side of CCA axis 1 (correlation 

score -0.5). Pollen taxa from zone one (in red) are mostly positioned in the positive half of the CCA 

axis 1 and associated with precipitation and erosion. Pollen zone two (in orange) transitions from 

the positive to the negative half of CCA axis 1 with tephra/ erosion (magnetic susceptibility) as the 

most influential environmental variable of this period and finally pollen zones three (in green) and 

four (in blue), which occur after 560 cal. years BP, are found in the negative side of CCA axis 1 and 

explained by local fires. 
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Figure 3-6 Canonical correspondence analysis (CCA) of pollen percentages. Environmental 

variables include regional fires (micro-charcoal), local fires (macro-charcoal), precipitation rate 

(mm d-1), erosion (Ti/ incoherent scatter), and volcanic eruptions/ erosion (magnetic 

susceptibility). Pollen assemblages are coloured according to their zones. 

3.5 Discussion 

3.5.1 The impact of precipitation changes on terrestrial and lacustrine ecosystems 

Drought in the SW Pacific islands is currently considered a threat to both island ecosystems and 

their human societies (e.g. Sear et al., 2020). After ~1100 cal. years BP, there was a shift towards 

drier climate conditions (Figure 3-5; Maloney et al, 2022). Precipitation values changed from 

around 6.8 mm d-1  to 4.4 mm d-1  over a period of ~70 years (Maloney et al., 2022), a significant 

shift in moisture availability. Both vegetation and chironomid turnover temporarily increased 
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across the transition from wetter to drier climate conditions (Figure 3-5). The vegetation change 

was characterised by an increase in Cyperaceae, Poaceae, and ferns, which then declined to 

previous values within ~80 years (Figure 3-3). According to the CCA analysis, precipitation, and 

erosion plot with samples from pollen zone one (>1620–1120 cal. years BP) prior to the change to 

drier conditions, linking both environmental drivers of change as the most significant. Indeed, 

erosion (Ti/inc) is well known to be linked with sedimentary in-wash (e.g. Sear et al., 2020), which 

here corelates with higher precipitation. While there is a higher turnover at the transition to drier 

conditions, the individual taxon changes are subtle and somewhat transient (Figure 3-5).  

The changes in the chironomid community show a strong response to the moisture shift, then 

recovery, but with different abundances of the dominant taxa than prior to the shift. While all 

main taxa declined during the transition, Chironomus anthracinus type increased; this caused high 

turnover in the short term (Figure 3-4 and Figure 3-5). Chironomus anthracinus is known to be 

able to withstand low levels of oxygen and can tolerate unfavourable conditions (Hamburger et 

al., 1994; Hamburger et al., 1995). The increase in Chironomus anthracinus and relative decrease 

in other taxa may suggest a decrease in oxygen or even anoxia following the climate shift. 

Turnover decreased within ~135 years, despite climate conditions remaining relatively dry. The 

C/N ratio shows no clear response to the climate transition, indicating that there was no 

detectable shift in the balance of terrestrial and algal input to the lake with the shift to drier 

conditions. This possibly suggests that the overall biomass in the catchment did not change much, 

and also that the organic input to the lake was not strongly driven by precipitation-driven in-wash.  

3.5.2 The Kuwae eruption led to significant changes in vegetation diversity  

The Kuwae eruption is considered one of the largest eruptions of the last millennium (Neukom et 

al., 2014), and it had far more impact on the forest of Efate than did the moisture change. The 

CCA picks out the Kuwae eruption as the most significant association with the fossil pollen 

assemblage in pollen zone two (1120–560 cal. years BP) (Figure 3-6). It is notable that vegetation 

turnover not only increased sharply after the Kuwae eruption, but it remained high throughout 

the subsequent record (Figure 3-5). It is generally accepted that after a volcanic eruption there 

may be changes in vegetation composition, such as an increase in grass abundance (see examples 

in Table 5-8). In Efate, after the Kuwae eruption sequence, an increase in grass pollen (Poaceae) is 

linked with a decline in AP/NAP, suggesting increased occurrence of open patches (Figure 3-5). 

The tree and shrub post-eruption dynamics show Acalypha (native shrub or small tree) and Trema 

(native tree) decreasing within ~20 years of the deposition of the Kuwae tephra, while Persicaria-
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type, Solanaceae, and Nymphoides increased together with grasses (Figure 3-3). Initially, damage 

to small trees and shrubs such as Acalypha and Trema could have created space for grasses and 

sedges to expand, and the increase in grasses may also be explained by its relatively short 

generation time compared with woody vegetation, which gives the group the ability to profit 

relatively quickly from nutrient enrichment following volcanic eruptions (Urrutia et al., 2007). It is 

important to note, however, that our results show that the forests surrounding Lake Emaotul 

were already disturbed at the start of this record, as indicated by the presence of Acalypha, 

Macaranga and Trema, which are considered secondary, disturbance, and early-successional taxa 

(Whittaker et al., 1989; Fall, 2010; Åkesson et al., 2021) and the continuous presence of fire, 

which is often associated with human occupation on Pacific islands (e.g. Fall, 2005; Stevenson et 

al., 2017). Although our results show that the Kuwae eruption impacted on the forest surrounding 

Lake Emaotul, local human impacts during the period of the Kuwae eruption cannot be ruled out 

as a driver for change. For example, there is archaeological evidence that human populations 

moved southwards from Sheppard and Epi islands to Efate following the eruption (Garanger, 

1972), and an increase in population size could have led to some level of deforestation. However, 

there is no clear link between the declining taxa (Acalypha and Trema) and known human uses of 

them.  

Despite numerous examples of change in vegetation composition (Table 5-8), recovery rates of 

vegetation following volcanic eruptions are poorly understood. Palaeoecological evidence of 

tephra deposition events have typically shown short-lived impacts (decades to centuries e.g. 

Lotter and Birks, 1993; Montoya et al., 2021). For example, the main patterns that emerge from 

analysing large datasets of pollen time-series from tropical forests suggest that forest recovery 

rates are faster for large, infrequent events, such as volcanic eruptions, than for human-induced 

burning (Cole et al, 2014). The analysis by Cole et al. (2014) also suggests that arboreal taxa 

typically recover to ~95% abundance after >200 years. On Efate, the arboreal taxa Acalypha and 

Trema had largely recovered their pre-eruption abundance in ~260 years. Prior to the eruption, 

Acalypha and Trema values were 23% and 9% of the total pollen sum, respectively. After 260 

years, they reached 19% and 11%, respectively. These two taxa responded differently to other 

arboreal taxa such as Macaranga, Pandanus, Sapindaceae, and Sapotaceae, which showed no 

obvious decline after the eruption. Despite the partial recovery of Acalypha and Trema, turnover 

remained higher for all taxa ~625 years following the eruption (Figure 3-5). 

While the forests of Efate showed changes linked to the volcanic eruption, Lake Emaotul 

chironomid communities remained unperturbed (Figure 3-4). Addition of volcanic tephra of 
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basaltic/andesitic composition to the lake could be expected to deliver nutrients, including 

substantial S, Fe, and other cations (Cronin et al., 1998), and this may have led to algal blooms 

(e.g. Harper et al., 1986; Roberts et al., 1997; Eastwood et al., 2002; Telford et al., 2004), which 

might be expected to show as a change in C/N. The Emaotul C/N record shows short-term 

variability, but no clear directional change is evident following the eruption, with ratio values 

before and after being ~13 (Figure 3-5), a value indicative of a mixed source of organic matter 

(García-Alix et al., 2012); if there was a post-eruption increase in algal biomass, it is not 

detectable. As suggested for forested sites in Ecuador (see Montoya et al., 2021), the dense 

canopy of the forest trees surrounding Lake Emaotul may have partially shielded aquatic 

ecosystems from major impact by blocking some airborne tephra fall on to the lakes surface. The 

inconsistent responses of algal productivity to volcanic tephra-fallout recorded to date suggest 

site- or catchment-specific factors may be important in determining responses. At Lake Emaotul, 

chironomids also showed no significant change following the eruption. Either they recovered so 

quickly that changes were not identified in this record or they are not sensitive to volcanic tephra 

inputs at this site. 

3.5.3 Recent changes in fire regime 

Archaeological evidence indicates that people had been actively modifying the landscape of Efate 

~1400 years prior to the start of this record (1600 cal. years BP), since the first human settled 

Vanuatu ~3000 years ago (Petchey et al., 2014; Bedford et al., 2018). Notably, the CCA analysis 

(Figure 3-6) shows an association between samples from the period 560 cal. years BP to 1950 CE 

and local fires, indicating that the local use of fires, suggested by the increase in macro-charcoal 

particles (Figure 3-5) could have been an important driver of change (Clark, 1988; Whitlock and 

Millspaugh, 1996). During pollen zone four (1930–2015 CE), an increase in Asteraceae, Poaceae, 

Solanaceae, and Persicaria-type pollen, and fern spores, a decrease in woody taxa (e.g., Acalypha 

and Trema), together with higher concentrations of macro-charcoal concentrations spanning the 

last ~90 years is strongly indicative of opening of the forest and transition towards the wetland 

areas and secondary forests we see today surrounding Lake Emaotul. These findings agree with 

other studies from Vanuatu; for example, human impacts are seen in pollen diagrams from ~3000 

cal. years BP onward from Aneityum island, Southern Vanuatu (~320 km south of Efate). At 

Aneityum island, tree and shrub taxa (Eugenia, Celtis and Trema) were replaced by grasses 

(Poaceae), sedges (Cyperaceae), ferns, accompanied by an increase in charcoal particles (Hope 

and Spriggs, 1982). Another example is the palaeoecological record from the island of Erromango 

(Figure 3-1, ~150 km south of Efate), which shows evidence of burning throughout a 2000 year 
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period during which humans were present (Hope et al., 1999). Human impacts may have been 

present prior to the last 1600 years, but despite their apparent impacts, the transition to drier 

climate ~1100 cal. years BP and the Kuwae eruption were both strong enough disturbances to 

affect the vegetation surrounding Lake Emaotul.  

3.6 Conclusion 

It can be difficult to isolate and disentangle multiple drivers of change and their effects on an 

ecosystem when they occur close together in time. Efate has been affected by a major volcanic 

tephra fall and a marked climate transition. The Kuwae eruption (650–510 cal. years BP) and the 

transition from wetter to drier conditions occurring ~1100–1000 cal. years BP are, however, well 

separated in time and both post-date colonisation, which provides the opportunity to examine 

each in turn (while assuming no major change in human impact). The Kuwae eruption appears to 

have had a more lasting impact on vegetation than the period of climate change. In contrast, the 

aquatic ecosystem, as represented by chironomid assemblages, appears more sensitive to the 

~1100 cal. years BP shift to drier conditions than to the Kuwae eruption. While precipitation 

changes and the Kuwae eruption explained more variance in the pollen and spore data prior to 

the Kuwae eruption, local scale burning seems to have had a more important role within the last 

few centuries, over which there has been a major change in vegetation composition. 

Understanding legacies of volcanic and climatic impacts is relevant for the sustainable 

management of the islands and archipelagos natural resources. 
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Chapter 4 Biotic homogenisation on South Pacific islands 

during the last 5000 years 

Nichola Strandberg, Manuel Steinbauer, Anna Walentowitz, William D. Gosling, Patricia L. Fall, 

Matiu Prebble, Janelle Stevenson, Janet M. Wilmshurst, David Sear, Peter Langdon, Mary 

Edwards, and Sandra Nogué. Under review.  

4.1 Abstract 

The increasing similarity of plant species composition among distinct areas is leading to the biotic 

homogenisation of ecosystems globally. Human actions such as ecosystem modification, the 

introduction of non-native plant species, and the extinction or extirpation of endemic and native 

plant species are considered the main drivers of this trend. However, little is known about when 

biotic homogenisation began or about pre-human patterns of biotic similarity. Here we 

investigate vegetation trends during the past 5000 years across the tropical, sub-tropical, and the 

warm temperate South Pacific using fossil pollen records from 15 sites on 13 islands within the 

biogeographical realm of Oceania. The site comparisons show that biotic homogenisation began 

between 3400–2900 cal. years BP, synchronous with the timing of human colonisation of the 

Southwestern Pacific islands. Pairwise Bray-Curtis similarity results also show that when two 

islands were settled in a given time interval, their similarity is greater than when one or neither of 

the islands were settled. Importantly, higher elevation sites tended to show less biotic 

homogenisation. While biotic homogenisation is often referred to as a contemporary issue, we 

find that initial human settlement of islands was a driver. 

4.2 Introduction 

Biotic homogenisation threatens global biodiversity, as increasing similarity of species 

composition among regions leads to the overall decline of larger-scale diversity (Smart et al., 

2006; Blowes et al., 2022). Homogenisation is often linked to anthropogenic impacts such as 

habitat loss and range expansion of generalist introduced taxa, which can lead to range 

contractions and/or population decline of native/endemic species (McKinney and Lockwood, 

1999; Püttker et al., 2015; Kress and Krupnick, 2022; Xu et al., 2023). It may also affect ecosystem 

function and services and thus (socio)ecosystem resilience in the face of further anthropogenic 

impacts (Olden et al., 2004; Isbell et al., 2015; Castilla-Beltrán et al., 2021a). 
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In many ways, islands are ideal models for studying biodiversity changes (Vitousek, 2002). Insular 

biotas are particularly vulnerable to human-mediated drivers that are known to be causes of the 

biotic homogenisation process, such as species introductions, habitat loss, and climate change 

(Sax et al., 2002; Pyšek and Richardson, 2006; Nogué et al., 2017; Fernández-Palacios et al., 2021; 

Nogué et al., 2021). In addition, island ecosystems have high proportions of endemics compared 

with mainland areas (Whittaker and Fernández-Palacios, 2007; Kier et al., 2009) thus making them 

important habitats and priorities for conservation. In the biogeographical realm of Oceania, many 

plant species have threatened status, although the scale of the problem is still unclear, since only 

~3% of species have been assessed by the IUCN (Pippard, 2009). It is likely, therefore, that Pacific 

islands have been susceptible to biotic homogenisation both now and in the past (e.g., Castro et 

al., 2007; Castro and Jaksic, 2008; Rosenblad and Sax, 2017).  

Many studies of biotic similarity rely on published lists of native, non-native, or extinct or 

extirpated taxa to delineate a baseline for biodiversity composition, limiting the timeframe to a 

few centuries or potentially missing unrecorded introductions or extirpations (e.g., Baiser et al., 

2012; Dornelas et al., 2014; Rosenblad and Sax, 2017; Finderup Nielsen et al., 2019), but fossil 

datasets have the potential to extend these timescales or capture previously unrecorded 

introductions or extirpations (Feurdean et al., 2010; Willis et al., 2010; Gillson et al., 2011; 

Blarquez et al., 2014; Birks et al., 2016a; Salgado et al., 2018; Wengrat et al., 2018; Fraser et al., 

2022). 

South Pacific islands, settled in two stages ~3000 and ~700 years ago (see Table 5-9 and 

references therein), have an abundance of palaeoecological (e.g., Hope and Spriggs, 1982; Flenley 

et al., 1991; Stevenson and Dodson, 1995; Flenley et al., 1999; Stevenson et al., 2001; Fall, 2005; 

Hope et al., 2009; Prebble et al., 2019; Gosling et al., 2020; Strandberg et al., 2023a) and 

archaeological information written about them  (e.g., Kirch, 2000; Wilmshurst et al., 2011; Burley 

et al., 2015) allowing us to observe and quantify trends in biotic similarity on a longer temporal 

scale. By analysing 15 fossil pollen records from Melanesian and Polynesian islands, encompassing 

the past 5000 years and a west to east gradient of 8300 km, we quantify whether island 

ecosystems have become more biotically similar over time, or otherwise. 
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4.3 Methodology 

4.3.1 Study site 

This study focuses on islands in the tropical, sub-tropical, and warm temperate South Pacific 

Ocean and includes the geographic areas of Melanesia (n=7) and Polynesia (n=8) within the 

biogeographical realm of Oceania (Figure 4-1). The island of Ahuahu (Great Mercury) is situated 

within the Polynesian triangle, offshore of New Zealand’s North Island, and experiences a warm 

temperate climate (see Holdaway et al., 2019;  and Prebble et al., 2019). New Caledonia, Fiji, and 

Vanuatu are located in the tropical western Pacific geographic area of Melanesia and have a flora 

similar to that of Australia and Papua New Guinea (Mueller-Dombois and Fosberg, 1998). The 

main sources of precipitation being the ITCZ (Intertropical Convergence Zone) and SPCZ (South 

Pacific Convergence Zone) (Sear et al., 2020). The islands of Polynesia to the east are 

characterised by an Indo-Pacific flora, which includes some species from the Americas, New 

Zealand, and the sub-Antarctic (Mueller-Dombois and Fosberg, 1998). Throughout the Pacific, 

plant diversity decreases from west to east, but larger and older islands tend to be more 

biodiverse (Keppel et al., 2009). The island areas included in this study range from the largest, 

Grande Terre, New Caledonia (1,890,000 ha) to the smallest, Foa, Tonga (135 ha) and the islands’ 

geologies are a mixture of composites, volcanics, and limestones (Table 5-9). 

The settlement of the Pacific islands represents the last great migration of humans into 

unoccupied lands (see Table 5-9 and references therein). Archaeological evidence suggests that 

the first people to colonise the South Pacific islands were the Lapita, the ancestors of Polynesians 

(Kirch and Green, 2001). Linguistic studies indicate the Lapita’s origins to be somewhere between 

Taiwan and the Bismarck Archipelago (Blust, 1996) and genetic studies support this (see Matisoo-

Smith, 2015 for discussion). 

4.3.2 Acquisition of pollen datasets 

Pollen records from 15 sites (Table 5-9) were included in the analysis. These sites were chosen 

because together they represent both early (~3000 cal. years BP) and late (~700 cal. years BP or in 

the case of Rapa Nui potentially earlier settlement, see Rull (2020)) human colonisation, and the 

pollen records are all at least 3300 years long allowing comparisons between pre- and post- 

settlement measurements. In addition, they form a west-to-east gradient spanning 8300 km 

across the Pacific Ocean and an elevational gradient from 0–760 m.a.s.l. Sites at different 

elevations allow us to investigate trends from coastal regions, where humans have typically 
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settled, to upland areas that may have escaped some of the impacts of human disturbances 

(Gosling et al., 2020; Norder et al., 2020).  

Six datasets were accessed via the Neotoma database (Williams et al., 2018) using the neotoma2 

R package (https://github.com/NeotomaDB/neotoma2). These are: St. Louis Lac (Grande Terre) 

(Stevenson and Dodson, 1995), Anouwe Swamp (Aneityum) (Hope and Spriggs, 1982), Bonatoa 

Bog (Viti Levu), Lake Tagimaucia (Taveuni), (Hope et al., 2009), Tukou Marsh (Rapa) and 

Waitetoke (Ahuahu/ Great Mercury) (Prebble et al., 2019). We excluded the available pollen data 

from Lake Emeric, New Caledonia (Hope and Pask, 1998) accessed via the Neotoma database, due 

to low pollen and spore counts (~60 per sample for last 5000 years). The following pollen datasets 

were acquired from published papers: Ngofe Marsh (‘Uta Vava’u), Lotofoa Swamp (Foa), Finemui 

Swamp (Ha’afeva) (Flenley et al., 1999; Strandberg et al., 2023a); Avai’o’vuna Swamp 

(Pangaimotu) (Fall, 2005); Lake Lanoto’o (Upolu) (Gosling et al., 2020), and from Plum Swamp 

(Grande Terre) (Stevenson et al., 2001). In addition, two datasets, Yacata (Yacata Island) and 

Volivoli (Viti Levu), were taken from Nogué et al. (2021). One pollen record from Rano Aroi, (Rapa 

Nui) (Flenley et al., 1991) was digitised manually using ImageJ software (Schneider et al., 2012).  

4.3.3 Age-depth models 

The six fossil pollen datasets accessed via Neotoma, and those from Nogué et al. (2021), Gosling 

et al. (2020), Stevenson et al. (2001), and Strandberg et al. (2023a) already included calibrated 

ages. The Rano Aroi age-depth model was recalibrated based on the SHCal20 calibration curve for 

radiocarbon dates using rbacon (Blaauw and Christen, 2011; Hogg et al., 2020). See Strandberg et 

al. (2023a) for age-depth models of sites from Tonga.  

4.3.4 Harmonisation of pollen datasets 

Unknown or uncertain pollen/ spore identifications and taxa with the preceding notation “cf.” 

were removed from the datasets. In total 153 taxa were removed because of taxonomic 

uncertainty. Taxa with the notation “comp.” (favourably comparable) and “sim.” (similar to) were 

included (Benninghoff and Kapp, 1962). Notations such as “undifferentiated” or “type” were 

removed and taxonomic names were aggregated up one taxonomic level, e.g., Plantago 

lanceolata-type became Plantago. Genus-level taxa with the “type” notation were aggregated up 

to the family level since these types might include taxa from multiple genera, e.g., from 

Percicaria-type to Polygonaceae. Family-level data with the notation “type”, for example 

Euphorbiaceae-type, were removed from the analysis. Notations such as “type 1” were removed. 

https://github.com/NeotomaDB/neotoma2


Chapter 4 

93 

 

Poaceae of all diameter sizes were aggregated into one group. Pollen assemblages older than 

5000 cal. years BP or without associated ages were removed. The R package taxize (version 

0.9.100) (Chamberlain and Szocs, 2013) was used to validate taxonomic names except for 

liverworts, mosses, and subfamilies, which are not available (POWO, 2022). To obtain rank data, 

the NCBI taxonomy database was used (Chamberlain and Szocs, 2013; R Core Team, 2017; NCBI, 

2022). The final harmonised and binned taxonomic names include 346 taxa (families=80, 

subfamilies=2, tribe=1, genera=224, and species= 39). 

Since pollen sampling efforts are different over time and among sites, we rarefied pollen counts 

using the R package vegan (version 2.6-4) to standardise pollen richness and allow comparisons of 

mean rarefied pollen richness between sites (Birks and Line, 1992; Oksanen et al., 2020). 

However, rarefaction was not possible for the five pollen records from which only pollen 

percentage data were available, for example in digitised records (Table 5-11). Pollen counts were 

transformed to percentages prior to further statistical analyses. 

4.3.5 Statistical analyses 

To allow for temporal comparisons, pollen assemblages from each site were placed within 500-

year intervals, and pollen data within these intervals were averaged resulting in 131 pollen 

assemblages. The 500-year intervals were adopted to account for relatively low sampling 

resolutions. We used unique site pairings for the 15 sites (105 unique pairs, excluding 

comparisons within a given site). We then calculated the Bray-Curtis dissimilarity index (Bray and 

Curtis, 1957) for each pairing (796 individual pairwise comparisons). Bray-Curtis dissimilarity was 

selected since it takes abundance into account whereas other methods, for example Jaccard 

dissimilarity index, are occurrence-based methods. Bray-Curtis dissimilarity values (0–1) were 

inverted so the values represent taxonomic similarity, with 1 being the most similar (100%) and 0 

being the least (0%). Linear models were used to identify the slope coefficients of the trends over 

time, with negative trends (<0) representing homogenisation and positive trends (>0) 

representing the opposite, differentiation (Figure 4-1). The slopes thus indicate how often a sites 

pollen assemblages tends to become more biotically similar (homogenisation) or less biotically 

similar (differentiation) to that of the other sites through time.  

A smooth spline model using the npreg package (Helwig, 2020) was implemented to plot overall 

changes in taxonomic similarity over time (Figure 5-16). To detect the role of human settlement 

on biotic similarity, pairwise similarity comparisons were further sorted into groups defined by 
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whether both site/ island pairs were settled by people at that given time interval, whether just 

one of the pair was settled, or if neither were settled (Figure 5-17). 

Finally, a linear breakpoint model was implemented to test, across the region, if changes in biotic 

similarity have accelerated in time. The unknown breakpoint of a linear model relating similarity 

among assemblages across all sites to time of comparison was estimated using the segmented R 

package (Muggeo, 2003). The data points integrated in this model are not independent from each 

other as the same assemblage is compared multiple times with other assemblages. This “pseudo-

replication” of data points makes any significance test of this analysis meaningless but allows an 

interpretation of the breakpoint and model estimates. 

4.4 Results 

Out of a possible 105 slope coefficients (whole site to site comparisons over time), where 

differentiating or homogenising trends were identified (positive or negative coefficient 

respectively), Lake Tagimaucia (Taveuni) and St. Louis Lac (Grande Terre) showed differentiation 

over time in more than half of the comparisons (Figure 4-1). Avai’o’vuna Swamp (Pangaimotu), 

Finemui Swamp (Ha’afeva), and Yacata (Yacata Island) showed the most biotic homogenisation 

trends over time (Figure 4-1). 

 
Figure 4-1 Proportions for each site showing the partitioned Bray-Curtis similarity homogenising 

trends (<0 slope coefficients) in orange and differentiating trends (>0 slope coefficients) in blue 
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over time. Circles with solid leader lines are sites estimated to have been settled ~3000 cal. years 

BP and squares with dashed leader lines are sites estimated to have been settled ~700 cal. years 

BP. Island names follow site names in parentheses. X- and Y- axis represent longitude and latitude 

respectively (º). 

The 105 whole site to site comparisons over time show that all except two have negative median 

slope coefficients and have therefore become more biotically similar to other sites (Figure 4-2). 

Lake Tagimaucia (Taveuni) and St. Louis Lac (Grande Terre) have positive median values (Figure 

4-2) indicating dissimilarity i.e., biotic differentiation compared with the other sites. Lake Lanoto’o 

(Upolu) and Waitetoke (Ahuahu) show relatively low biotic homogenisation. Finemui Swamp 

(Ha’afeva) and Yacata (Yacata Island) have the lowest median slope coefficients and have 

therefore become more biotically similar to other sites over time.  

 

Figure 4-2 The direction and steepness of the biotic similarity trends between sites based on 

pairwise Bray-Curtis similarity slope coefficients. Sites are organised by elevation with the lowest 

(sea level) on the left to the highest on the right (760 m.a.s.l). Data points above the horizontal 

dashed line are differentiating trends and below this line are homogenising trends. 
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The breakpoint model of the similarity scores for all sites (796 pairwise site and time-interval 

comparisons which make up the 105 site-to-site comparisons) (Figure 4-3) shows that similarity 

was close to 0.8 and declining between 4650 – 3150 cal. years BP, but it accelerated after 3150 

cal. years BP towards the present.  

 

Figure 4-3 Breakpoint linear model showing pairwise Bray-Curtis similarity scores among all 15 

sites on 13 islands, over the past 5000 years. The blue shaded area shows the 95% confidence 

interval. See Figure 5-18 for version displaying all datapoints. 

4.5 Discussion 

Given the large geographical area explored in this study (8300 km west to east), it is striking to 

find a ~3150-year long trend of biotic homogenisation across 13 islands. In addition, when 

incorporating the potential human dimension to our analysis, results showed that the biotic 
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homogenisation process was enhanced when both locations were settled (Figure 5-17). As a 

whole, this information provides a strong indication that anthropogenic activities resulted in 

increased floristic similarity among the islands analysed. 

4.5.1 Non-anthropogenic drivers of biotic homogenisation 

Prior to 3150 cal. years BP there was no trend towards biotic homogenisation. Dynamics in pre-

human settlement composition are likely related to natural drivers such as sea level change, 

hydroseral development of wetlands and lacustrine vegetation, and other disturbances (e.g., 

cyclones, droughts). Globally, drivers of change are known to have an impact on biotic 

homogenisation in numerous biotas and habitats, since these events can preferentially select 

from the species pool in similar ways across different communities. For example, drought 

conditions in artificial ponds have led to increased similarities among communities since extreme 

events act as filters to remove species intolerant to such conditions (Chase, 2007). Eutrophication 

of reservoirs and lakes has also been known to lead to the biotic homogenisation of diatoms, 

macrophytes, and invertebrate communities (Salgado et al., 2018; Wengrat et al., 2018). Scouring 

floods in the Scandinavian mountains have also led to the filtering of species within 

macroinvertebrate communities, since only those able to tolerate extreme conditions are 

successful in colonising disturbed environments (Lepori and Malmqvist, 2009). Finally, continued 

dispersal of pan-oceanic plant taxa should not be ignored as a contributing factor to biotic 

similarity on the islands. Indeed, on both western and eastern Pacific islands, bird dispersal of 

plant propagules is an important mechanism for both intra-island and internal island dispersal 

(see Gillespie et al., 2012 for discussion on plant dispersal mechanisms). Our results suggest that 

non-anthropogenic factors did not contribute to biotic homogenisation, at least in a detectable 

way. 

4.5.2 Biotic homogenisation linked to novel anthropogenic drivers 

Given that 12/15 of the sites analysed in this study are located on islands settled by humans 

~3000 cal. years BP, it is perhaps unsurprising that biotic homogenisation began at around this 

time. The trend towards biotic homogenisation (Figure 4-3) is likely driven by novel anthropogenic 

drivers interacting with the ongoing natural processes previously mentioned. Within the novel 

drivers of change, burning as part of e.g., agricultural activities, introduction of non-native taxa, 

and extinctions or extirpations have been shown to have impacted island ecosystems (Nogué et 

al., 2017, Walentowitz, 2023). First, increased occurrence and intensity of disturbances is linked to 
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anthropogenic modification of the islands’ landscapes, for example, using slash and burn 

techniques (Nogué et al., 2017; Ravazzi et al., 2021; Strandberg et al., 2023b). It has also been 

shown that intense human impacts, such as urbanisation and intensively managed agroforestry 

plantations, can lead to an increase in globally distributed taxa and therefore biotic 

homogenisation (McKinney, 2006; Marconi and Armengot, 2020). Second, it is important to 

highlight that fossil pollen records from islands have also shown that non-native plant 

introductions increased within the last 1000 years, suggesting a potential long presence of widely 

distributed species (Walentowitz et al., 2023). For example, non-native species introduced to 

multiple islands by people, e.g., taro (Colocasia esculenta) may have contributed to the increased 

similarity of island ecosystems (Fall, 2010; Walentowitz et al., 2023). Lastly, there has been 

anthropogenically driven extinction or extirpation of native or endemic plant species from the 

Pacific islands e.g., Pritchardia (Prebble, 2008; Prebble and Dowe, 2008; Fall, 2010). The arrival of 

humans to Pacific islands is known to have coincided with many bird extinctions, (Sayol et al.; 

Steadman, 1995a; Steadman et al., 2002; Fall et al., 2007; Duncan et al., 2013). For example, it has 

been suggested that in Tonga, the decline of native birds and bats may have reduced the dispersal 

capabilities of many trees with large seeds such as Calophyllum inophyllum, Cerbera odollam, 

Pouteria garberi, P. membranacea, Pometia pinnata, Syzygium quadrangulatum, S. richii, and 

Terminalia catappa (Meehan et al., 2002; McConkey and Drake, 2006; Fall et al., 2007; McConkey 

and Drake, 2007). Rodent predation (introduced by both Polynesians and Europeans) on seeds is 

also a suggested cause for the decline of many taxa in Tonga and Rapa Nui (Easter Island) (Fall et 

al., 2007; Hunt, 2007). It is therefore possible that the increase in similarity between islands may 

have also been driven by a decrease in trees with large, animal-dispersed fruits (see Heinen et al., 

2023). Finally, while human presence appears to be an important determinant of the magnitude 

of similarity among sites, island or site characteristics may also be significant. For example, among 

30 Eastern Atlantic Ocean islands, topographically complex islands maintained native vegetation 

cover once colonised by humans, suggesting that topography constrains human impacts on 

biodiversity (Norder et al., 2020). Indeed, Lake Tagimaucia (Taveuni) and Lake Lanoto’o (Upolu) 

were some of the least biotically homogenised sites included in this analysis and are both located 

at high elevations, 680 and 760 m.a.s.l respectively (Figure 4-2). This may indicate that high 

elevation sites have escaped some of the most intense anthropogenic ecosystem modifications 

which are seen at some of the lower elevation sites, for example, Yacata (Yacata Island) and 

Finemui Swamp (Ha’avefa) which are located at 2 and 7 m.a.s.l. respectively.  
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4.5.3 Limitations and conclusions 

It is important to highlight that pollen assemblages with larger sampling efforts may include more 

rare taxa, which may in turn make them appear to be biotically dissimilar from other sites. The 

mean rarefied pollen richness of records for which count data are available indicates that the sites 

with the richest pollen samples were Lake Tagimaucia (Taveuni), Bonatoa Bog (Viti Levu), and 

Waitetoke (Ahuahu) (Table 5-11). Lake Tagimaucia (Taveuni) was found to be the most biotically 

differentiated site compared to other sites, and it cannot be ruled out that the relatively high 

pollen diversity contributed to its apparent biotic differentiation.  

On the other hand, the statistical method chosen may also influence observed levels of biotic 

similarity (e.g., Otto et al., 2020). The Bray-Curtis similarity index is strongly influenced by the 

most abundant taxa (McCune et al., 2002), and therefore rare taxa may have been somewhat 

underestimated in our analyses. Further, the use of pollen datasets excludes taxa that produce 

little (e.g., insect- pollinated plants) or no pollen, or pollen which is not well preserved in 

sediments. Another factor that is not controlled for in this study, and which may be important for 

explaining the observed trend, is the intensity of human impacts. Nevertheless, the almost 

complete unidirectional trend after 3150 cal. years BP across islands suggests the results are 

robust (Figure 4-3). Interestingly, sites on the same islands have different median Bray-Curtis 

similarity slope coefficients (e.g., Grande Terre in New Caledonia and Viti Levu in Fiji), which 

highlights the need for as many pollen records as possible to be included in similarity analysis such 

as this. 

In this study we have, for the first time, tested whether South Pacific island vegetation became 

more similar after human arrival, and have found that it has. Some narratives point to biotic 

homogenisation being a largely contemporary issue exacerbated by increased commerce 

between islands (Castro et al., 2010), which in turn increases dispersal possibilities for plant taxa, 

but this analysis indicates that initial human settlement was a driver of biotic homogenisation. 

Future trends of biotic similarity will depend on the levels of continued human ecosystem 

modification, rates of non-native introductions, and rates of extinctions and extirpations. In turn, 

the simplification of ecosystems may reduce their resilience to future environmental stresses and 

increase their susceptibility to continued colonisation by non-native taxa. This study highlights the 

need for long, standardised palaeoecological records that can be integrated with modern 

ecological observations to understand modern island ecosystems more fully. 
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Chapter 5 Discussion and conclusions 

5.1 Overview  

This chapter provides integration of the three case studies (Chapter 2, Chapter 3, and Chapter 4) 

and discussion on the usefulness and value of palaeoecological research conducted in this thesis 

for improving our knowledge of ecosystem recovery, resilience, and resistance. The research 

questions outlined at the start of the thesis (section 1.11) are discussed in detail, and a summary 

of the main findings and conclusions is also included and contain recommendations for future 

research.  

5.2 Research questions, answered 

5.2.1 What is the effect of relative sea-level fluctuations and volcanic eruption drivers on 

island vegetation change in Tonga?  

In Chapter 2, results suggest that relative sea level fluctuations had a detectable impact on 

littoral, mangrove, successional, and wetland taxa within the study area. No impact from tephra 

falls was detected.  

The in-depth botanical survey by Whistler (1992) allows for tropical pollen taxa to be classified 

into five habitat groups; littoral, mangrove, rainforest, successional/ disturbance, and wetland 

taxa. The five proportional vegetation groups from the four sites have been compared with two 

explanatory variables, relative sea level change and evidence of volcanic eruptions though tephra 

deposition, to understand if either environmental indicator drove changes in any of the 

vegetation groups.  

Tephra deposition had no detectable impact on vegetation changes in Tonga throughout the Mid-

Late Holocene (6000 – 0 cal. years BP) according to the analyses in Chapter 2. Reasons for this can 

be summarised as being because: 1) volcanic eruptions occurred too far away to exert impacts on 

vegetation, 2) the pollen sampling resolution was too low to detect potentially rapid changes and 

recoveries of vegetation, or 3) vegetation was resilient to tephra falls on this island and in this 

context. Conversely, relative sea level fluctuations had significant impacts on three of the sites, 

Ngofe Marsh (‘Uta Vava’u), Lotofoa Swamp (Foa), and Finemui Swamp (Ha’afeva) within four of 

the vegetation types, which were littoral, mangrove, successional/disturbance, and wetland taxa.  
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The results from Finemui Swamp, on the smallest island included in this study, Ha’afeva, shows 

that the island vegetation was the most sensitive to relative sea level changes, compared to the 

other islands investigated. This sensitivity was to relative sea level change and all vegetation 

groups, except rainforest taxa, had significant (p<0.05) relationships with relative sea level (Table 

2-2). This may be because of the island or site characteristics, for example Ha’afeva was the 

smallest (135 ha) and lowest elevation island (14 m.a.s.l. maximum elevation) included in the 

study. While it is well established that small, low elevation island ecosystems are most at risk from 

future sea level rise (Bellard et al., 2014), it is still unclear if these island characteristics can fully 

explain the significant results found in the analyses. 

5.2.2 What are the relative effects of the 1450s CE Kuwae eruption, ~1100 cal. years BP 

drying trend, and changing fire regime on vegetation? 

In Chapter 3, the analyses show that the Kuwae eruption, climate transition (~1100 cal. years BP), 

and recent increased fire regime impacted vegetation turnover. However, the Kuwae eruption 

had the most lasting effect on vegetation.  

In this chapter, ordination analysis was used to calculate vegetation changes from the Lake 

Emaotul pollen record. In particular, the use of detrended correspondence analysis (DCA) allowed 

for the calculation of vegetation turnover using the first DCA axis scores. Although both the 

Kuwae eruption and ~1100 cal. years BP climate transition led to vegetation turnover values of 

~0.5 SD, the 1450s CE Kuwae volcanic eruption had a more lasting impact on vegetation turnover 

than the drying trend which initiated at ~1100 cal. years BP. For context, complete ecological 

turnover would be seen with 4 SD (Gauch and Gauch Jr, 1982; Correa-Metrio et al., 2014). 

Following the transition from wetter to drier climate at ~1100 cal. years BP, vegetation turnover 

partially recovered within ~70 years, however, following the Kuwae eruption, vegetation turnover 

increased again, reflecting a reduction in small trees and shrubs and an increase in grasses and 

vegetation did not regain its composition. Within the last ~85 years, enhanced local burning drove 

another increase in vegetation turnover up to 1.2 SD, and turnover values have not recovered yet. 

This period was characterised by a decrease in trees and an increase in herbs, grasses, and ferns.  
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5.2.3 Have South Pacific islands plant communities become more similar or dissimilar 

during the past 5000 years?  

In Chapter 4, the analyses show that island flora similarity was low prior to human arrival but 

increased after ~3150 cal. years BP, synchronous with human arrival to 12 of the 15 locations 

studied. 

It is well established that natural disturbances, such as, droughts, floods, treefalls, and human 

impacts, including the introduction of non-native species, and extinction or extirpation of native 

species, can increase biotic homogenisation (Connell, 1978; McKinney, 2006; Chase, 2007; Lepori 

and Malmqvist, 2009; Carvalheiro et al., 2013). The aim of Chapter 4 was to investigate trends in 

similarity and identify any periods of accelerated or decelerated change. 

Fifteen pollen records from 13 South Pacific islands were analysed to investigate trends in 

similarity. Application of a breakpoint model to pairwise Bray-Curtis similarity scores shows that 

this trend towards homogenisation began at ~3150 cal. years BP, which is synchronous with 

human settlement of many Southwestern Pacific islands. Higher elevation sites may have escaped 

some of the impacts of human driven biotic homogenisation perhaps because human impacts 

were mostly focussed on low elevation and coastal areas (Figure 4-2). 

Further work is required to better understand the importance of island characteristics for 

predicting levels of biotic similarity. For example, one improvement would be to increase the 

number of study locations included within the analyses to obtain more precise results and identify 

potential outliers. The effect of site or maximum island elevation, island geology, island area, 

isolation, climate, and human populations could also be tested in the future to better understand 

the roles of these factors in determining biotic similarity. 

5.3 Recovery, resilience, and resistance 

Palaeoecological data has previously proven useful for understanding and estimating recovery 

rates (e.g., Cole et al., 2014; Matthews-Bird et al., 2017; Montoya et al., 2021), resilience (e.g., 

Tinner and Ammann, 2005; Virah-Sawmy et al., 2009; Hamilton et al., 2018; Buma et al., 2019; 

Morel and Nogué, 2019), and turnover (Nogué et al., 2021). What follows is an assessment of the 

usefulness and value of the palaeoecological data from this thesis (Chapter 2, Chapter 3, and 

Chapter 4) to guide knowledge on drivers of ecosystem change, recovery, resilience, and 

resistance. 
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To date, there is generally more known about the ecosystem responses and recovery rates of 

vegetation in Tonga than Vanuatu. For example, in Tonga ecosystem responses and recovery rates 

have been investigated following a tropical cyclone (Franklin et al., 2004) and following 

abandonment of agricultural land (Franklin et al., 1999; Franklin, 2003). However, responses to 

drivers of change, such as relative sea level change and volcanic eruptions were less clear.  

Since some disturbances, such as volcanic eruptions, may occur more infrequently than other 

disturbances for example, tropical cyclones (see Table 1-2), palaeoecological records can be 

valuable archives of the unknown responses to and recoveries from these events. Additionally, 

palaeoecological records can uncover long-term responses to change, such as responses to 

relative sea level changes.  

In Chapter 2, two drivers of change, relative sea level, and tephra falls, were compared with 

proportional vegetation habitat groups, and both significant and non-significant relationships 

were uncovered. For example, tephra falls had no significant impact on any vegetation types. One 

explanation for these non-significant results is that vegetation types are resilient (sensu Holling, 

1973) to changes from tephra deposition. Vegetation may have also recovered so quickly that the 

responses were not captured within the relatively low-resolution pollen records (i.e., engineering 

resilience). However, it is clear that additional research is needed since other explanations for the 

non-significant tephra results, such as distance from eruptions, cannot be ruled out. The higher 

pollen sampling resolution in Chapter 3 did however uncover information about vegetation 

responses to a volcanic eruption. Additionally, the tephra layer identified as being from the Kuwae 

eruption also provided information about the distance from the eruption. 

Recovery times of specific taxa, and turnover following disturbances on Efate, Vanuatu are 

discussed in Chapter 3. This information, generated using palaeoecological methods, is of great 

value given that there is currently little known about the responses of vegetation to different 

environmental disturbances in Vanuatu. For example, the Lake Emaotul pollen record (Chapter 3) 

has shown that following a volcanic eruption and an increase in burning regime, there was a 

decline in small trees and shrubs and an increase in grasses. These responses may be expected to 

occur following future environmental disturbances. Additionally, palaeoecological data may be 

our only source of information on recovery rates which exceed timescales of modern 

observations. In Vanuatu, there is currently little empirical data available on vegetation recovery 

rates, turnover, and resilience, and palaeoecological records, such as the one presented in 

Chapter 3 along with others from the region (Hope and Spriggs, 1982; Wirrmann et al., 2011; 

Combettes et al., 2015), are a somewhat rare and valuable source of information. 
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The analyses of 15 sites across 13 islands within Chapter 4 shows an acceleration in biotic 

homogenisation at ~3150 cal. years BP synchronous with the human settlement of many 

Southwestern Pacific islands (i.e., Vanuatu, Fiji, Samoa, and Tonga).In addition, similarity scores 

were highest when both island pairs had been settled by humans (Figure 5-17). It is clear that 

early human actions have contributed to biotic homogenisation of vegetation on South Pacific 

islands (Chapter 4), however, further work is required to understand potential relationships 

between biotic homogenisation and site and island characteristics. It still remains unclear whether 

some ecosystems are more resilient to becoming biotically homogenised due to biogeographical 

factors, spatial heterogeneity, or diversity. Additionally, it is unclear if a lack of resilience leads to 

enhanced biotic homogenisation or if biotic homogenisation is the cause of reduced reliance or if 

both statements are true.  

5.4 Limitations and future research 

In this body of work, two palynological investigations of vegetation response to environmental 

change have been carried out. However, a hindrance to this process has been the lack of pollen 

keys and atlases from the Pacific region. Although some pollen reference slides for this region 

exist in the collection of John Flenley at The University of Hull, many of these slides are dried out 

and pollen grains are obscured. Future work would benefit from the digitisation of this resource 

to an online database such as The Global Pollen Project (Martin and Harvey, 2017) or the 

Australian Pollen and Spore Atlas website (ANU, 2007). This would improve the accessibility of the 

pollen reference collection and to lead to the identification of reference slides which need to be 

replaced. 

In addition to this, little is known about the taphonomy of many pollen taxa in the South Pacific, 

which has hindered efforts to estimate the relationship of pollen concentrations or influx to 

vegetation cover or proximity. For example, it still remains unclear whether differences in pollen 

preservation between taxa may have contributed to patterns of biotic similarity (Chapter 4). 

Future research on pollen dispersal, for example the use of pollen traps, would be beneficial and 

assist palynologists with the quantitative reconstruction of past vegetation cover on Pacific 

islands, such as has been attempted in other parts of the world from relatively large sites using 

the REVEALS model (Regional Estimates of VEgetation Abundance from Large Sites) and relatively 

smaller sites using the LOVE model (LOcal Vegetation Estimate) (Sugita, 2007).  

It is well known that pollen from several plant families is difficult to identify to genus and species 

level, for example, Brassicaceae, Caryophyllaceae, Cyperaceae and Poaceae (Fægri and Iversen, 
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1989). The application of sedimentary DNA (sedaDNA) may be able to improve taxonomic 

resolution. For example, sedaDNA of lake samples can identify more species than other 

palaeoecological methods (Alsos et al., 2015). SedaDNA can also allow for the identification of 

important plant taxa which are difficult to detect, or less well detected in pollen samples (Sjögren 

et al., 2017). A recent publication has also shown that sedaDNA can be successfully applied at low 

latitude, i.e. Eastern Africa (high altitude), sites despite issues with temperature degradation 

(Boessenkool et al., 2014).  

In addition to taxonomic resolution, sampling resolution has also been an important factor in the 

detection of responses to vegetation change. For example, volcanic eruptions were found to have 

no significant impacts on vegetation groups in Tonga (Chapter 2) and one explanation for this was 

that pollen sampling resolutions may have been too low to detect relatively rapid vegetation 

responses or recoveries following disturbances.  

The strategy for pollen sampling from the Lake Emaotul cores (Chapter 3) aimed to overcome the 

resolution issue by increasing the pollen sampling resolution to every 1 cm (representing ~ 5 

years) before and after the tephra layer. The increased sampling resolution allowed for the 

observation of short-term changes which were potentially missed in the Tonga study (Chapter 2). 

Therefore, one of the key recommendations of this thesis is to increase sampling resolution after 

disturbance events to better understand vegetation response and to estimate recovery rates.  

In Chapter 2 the classification of pollen taxa into habitat groups was achieved thanks to the 

comprehensive botanical survey by Whistler (1992). However, this publication is now 30 years old 

and a new botanical survey of the Tongan islands is required to detect some of the changes which 

have occurred over the last 30 years. The most comprehensive botanical survey of Efate and 

Vanuatu comes from Mueller-Dombois and Fosberg (1998) and an online herbarium for Vanuatu 

is also available (Vanuatu Department of Forestry, 2021). Future studies of Tonga and Vanuatu 

would benefit from updated botanical surveys which reflect the current vegetation cover of the 

islands and recent human modification of land use. This would allow for the identification of 

recent non-native introductions and recent extirpations and extinctions. Additionally, the 

threatened or non-threatened status of many Pacific plants is still largely unknown. It is estimated 

that there are 30,000 plant species on Pacific islands, however, only around 3% have been 

surveyed (Pippard, 2009). Of the plants which have been surveyed, 57% have been assessed as 

threatened (Pippard, 2009). Pollen records, such as those presented here, can shed light on when 

these taxa began to decline and the native or non-native status of plants (e.g., Nogué et al., 2017). 
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However, without a comprehensive survey of plants and conservation status, fossil pollen 

datasets cannot reach their full potential to inform conservation strategies.  

This thesis has highlighted the usefulness of legacy data (e.g. Flenley et al., 1991; Flenley et al., 

1999) in a region where pollen records are scarce. Digitisation of pollen diagrams is a useful 

method of acquiring legacy data (e.g., Chapter 2 and Chapter 4). However, issues with digitising 

pollen records are: 1) only having access to percentage diagrams rather than count data, 2) 

missing taxa which may have been omitted from the original pollen diagrams due to low 

abundance, and 3) limitations associated with age-depth models. For example, in the study by 

Flenley et al. (1999) only one radiocarbon date was obtained for the 293 cm long sequence of 

Lotofoa Swamp cores, and age uncertainties are therefore high (mean ± 800 years for Lotofoa 

Swamp and ± 650 years for Finemui Swamp) whereas errors for Ngofe Marsh (Chapter 2), a more 

recent study with a greater density of radiocarbon dates, were much smaller (± 250 years).  

In Chapter 4, one explanation for the increase in taxonomic similarity ~3150 cal. years BP (Figure 

4-3) is a human driven change in plant dispersal syndromes. It is well known that the arrival of 

humans to South Pacific islands coincided with the extinction of many native animals and 

introduction of non-native animals (Steadman, 1993; Steadman, 1995b; Steadman et al., 2002) 

but it is unclear to what degree human actions modified plant dispersal pathways (but see Fall et 

al., 2007 for discussion). Future assessment of plant traits, for example diaspore (mostly fruits and 

seed) dispersal syndromes, based on fossil pollen assemblages, may reveal the answer to this 

question. For example, the dispersal syndromes of European plants which have become 

naturalised around the world has shown that epizoochorous (dispersed by attaching to animals) 

and thalassochorous (sea current dispersed) plants are more likely to become naturalised than 

anemochorous (wind) and endozoochorous (ingested by animals) dispersed plants (Moyano et al., 

2022). Plant dispersal syndromes become less important when considering economic crops, since 

humans purposefully disperse these plants (Moyano et al., 2022). However, there is currently no 

database of South Pacific plant dispersal syndromes although plant trait databases containing 

descriptive information about fruits and seeds exists, for example BIEN (Botanical Information and 

Ecology Network) (Enquist et al., 2016). The LEDA-Traitbase includes information on dispersal 

syndromes but data is mostly limited to NW Europe (Kleyer et al., 2008). Future work could focus 

on identifying morphological traits of plant diaspores which would allow us to better understand 

how South Pacific plant dispersal syndromes have changed over time using fossil pollen records.  

The timing of human arrival to Tonga was investigated through the analysis of faecal stanols 

(appendix E page 147). However, faecal sterol analyses from the Ngofe Marsh cores did not result 
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in a positive identification of human or porcine faecal matter (5β-stanol ratio >0.7). Yet two 

samples possibly containing faecal matter were identified (5β-stanol ratio >0.3) (Figure 5-19). 

Future research to identify the arrival of humans and other higher mammals in the South Pacific 

could be performed at higher resolutions, for example, the biomarker analysis conducted on the 

Ngofe Marsh cores was around one sample per every ~375 years. Increased sampling resolution 

would increase the likelihood of identifying trends and variations in the 5β-stanol record, for 

example, where human or pig presence was transient (e.g., Argiriadis et al., 2018; Sear et al., 

2020). 

Future work could also use a combination of stanol and bile acid analyses to distinguish between 

higher mammals. For example, while 5β-stanols (and other stanols) can often differentiate 

between omnivore (e.g., humans) and ruminants (e.g., cows and sheep) (e.g., D’Anjou et al., 

2012), 5β-stanols alone cannot be used to distinguish between human and porcine derived faecal 

matter (Bull et al., 2002). However, the combined use of stanol and bile acid analysis can 

differentiate between human and porcine faecal matter (Bull et al., 2002) and would help to 

pinpoint the timing of human arrival and introduction of pigs to South Pacific islands which in turn 

would help to disentangle human and abiotic disturbances or the onset of biotic homogenisation. 
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5.5 Conclusions 

The main aim of this thesis was to understand how periods of environmental disturbances such as 

climate variability, fire regime change, human arrival, RSL change, and volcanic eruptions have 

altered South Pacific islands’ ecosystems. In addition, this thesis also provides the first analysis of 

biotic similarity within the South Pacific using fossil pollen records. This spatial-temporal approach 

and the use of both fossil pollen and chironomids, in conjunction with environmental indicators 

such as tephra analysis has revealed the following findings. 

1. Climate variability, fire regime change, human arrival, RSL change, and volcanic eruptions 

have been identified as drivers of vegetation change.  

2. Ecosystems do not all respond in the same way to disturbances and physical island or site 

characteristics are likely key to understanding responses. 

3. Relative sea level change is likely an important driver of vegetation change in Tonga and 

impacted littoral, mangrove, successional/ disturbance, and wetland vegetation at Ngofe 

Marsh, Lotofoa Swamp, and Finemui Swamp. 

4. Volcanic eruptions have been identified as drivers of vegetation change in one case, the 

1450’s Kuwae eruption.  

5. A shift from wetter to drier climate in Vanuatu ~1100 cal. years BP had a detectable 

impact on vegetation and turnover.  

6. Enhanced fire regime had a detectable impact on vegetation composition and turnover 

and led to an increase in herbaceous taxa and a decline in forest taxa.  

7. A progressive trend towards biotic homogenisation was identified to have begun at ~3150 

cal. years BP synchronous with human settlement of many Southwestern Pacific islands. 

8. According to the analysis in Chapter 4, human presence is likely a key driver of biotic 

homogenisation of plants communities on South Pacific islands.  

9. Relatively high-resolution pollen sampling strategies may be required to identify 

vegetation responses and recovery times following disturbances.  

10. The improvement of botanical surveys, improved pollen identification resources, and the 

use of additional proxies such as seda-DNA have the potential to enhance future studies 

of vegetation change in South Pacific islands. 

11. Faecal biomarker analysis may be helpful for identifying the timing of human arrival to 

Pacific islands especially when used in combination with bile acid analysis.  
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Appendix A Previous palaeoecological studies from the 

Pacific region 

Table 5-1 Previous palaeoecological studies using fossil pollen on Pacific islands. 

Country Group/ 

Territor

y name 

Island Site name Type Sub 

region  

Latitud

e 

Longitu

de 

Island 

type 

(Nunn et 

al., 

2016) 

Publishe

d in 

Federat

ed 

States of 

Microne

sia 

Caroline 

Islands 

Kosrae Israc  Melanes

ia 

5.163 162.55

74 

Volcanic 

high 

island 

Ward 

(1988) 

Federat

ed 

States of 

Microne

sia 

Caroline 

Islands 

Kosrae Yewal  Melanes

ia 

5.17 162.58

5 

Volcanic 

high 

island 

Ward 

(1988) 

Federat

ed 

States of 

Microne

sia 

Caroline 

Islands 

Kosrae Innem 

Basin 

 Melanes

ia 

5.197 163 Volcanic 

high 

island 

Ward 

(1988) 

New 

Zealand 

Cook 

Islands 

Rarotong

a 

Karekare Swamp Polynesi

a 

-

21.216 

-159.74 Composi

te high 

island 

Fujiki et 

al. (2014) 

New 

Zealand 

Cook 

Islands 

Atiu Roto Lake Polynesi

a 

-

20.009

8 

-

158.12

3 

Composi

te high 

island 

Parkes 

(1994) 
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New 

Zealand 

Cook 

Islands 

Atiu Roto Lake Polynesi

a 

-

20.008

5 

-

158.12

2 

Composi

te high 

island 

Prebble 

unpublish

ed work 

New 

Zealand 

Cook 

Islands 

Mangaia Veitatei Swamp Polynesi

a 

-

21.944

7 

-

157.93

3 

Composi

te high 

island 

Ellison 

(1994); 

Kirch and 

Ellison 

(1994) 

New 

Zealand 

Cook 

Islands 

Mangaia Tamarua Swamp Polynesi

a 

-21.95 -

157.91

3 

Composi

te high 

island 

Ellison 

(1994); 

Kirch and 

Ellison 

(1994) 

Chile Easter 

Island 

Easter 

Island 

Rano Kau Lake Polynesi

a 

-

27.186

6 

-

109.43

6 

Volcanic 

high 

island 

Flenley et 

al. (1991) 

Chile Easter 

Island 

Easter 

Island 

Rano Kau Lake Polynesi

a 

-

27.186

6 

-

109.43

6 

Volcanic 

high 

island 

Butler 

and J 

(2001); 

Butler 

and 

Flenley 

(2010) 

Chile Easter 

Island 

Easter 

Island 

Rano Kau Lake Polynesi

a 

-

27.186

6 

-

109.43

6 

Volcanic 

high 

island 

Horrocks 

et al. 

(2012) 

Chile Easter 

Island 

Easter 

Island 

Rano Kau Lake Polynesi

a 

-

27.186

6 

-

109.43

6 

Volcanic 

high 

island 

Horrocks 

et al. 

(2013) 

Chile Easter 

Island 

Easter 

Island 

Rano Kau Lake Polynesi

a 

-

27.186

6 

-

109.43

6 

Volcanic 

high 

island 

Butler et 

al. (2004) 
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Chile Easter 

Island 

Easter 

Island 

Rano Aroi Swamp Polynesi

a 

-

27.093

7 

-

109.37

4 

Volcanic 

high 

island 

Margalef 

et al. 

(2014) 

Chile Easter 

Island 

Easter 

Island 

Rano Aroi Swamp Polynesi

a 

-

27.093

7 

-

109.37

4 

Volcanic 

high 

island 

Horrocks 

et al. 

(2015) 

Chile Easter 

Island 

Easter 

Island 

Rano Aroi Swamp Polynesi

a 

-

27.093

7 

-

109.37

4 

Volcanic 

high 

island 

Rull et al. 

(2015) 

Chile Easter 

Island 

Easter 

Island 

Rano Aroi Swamp Polynesi

a 

-

27.093

7 

-

109.37

4 

Volcanic 

high 

island 

Peteet et 

al. (2003) 

Chile Easter 

Island 

Easter 

Island 

Rarauku 

Lake 

Lake Polynesi

a 

-

27.121

8 

-

109.28

9 

Volcanic 

high 

island 

Dumont 

et al. 

(1998) 

Chile Easter 

Island 

Easter 

Island 

Rarauku 

Lake 

Lake Polynesi

a 

-

27.121

8 

-

109.28

9 

Volcanic 

high 

island 

Mann et 

al. (2008) 

Chile Easter 

Island 

Easter 

Island 

Rarauku 

Lake 

Lake Polynesi

a 

-

27.121

8 

-

109.28

9 

Volcanic 

high 

island 

Cañellas-

Bolta et 

al. 

(2012); 

Cañellas-

Bolta et 

al. 

(2014); 

Cañellas-

Bolta et 

al. (2016) 

Chile Easter 

Island 

Easter 

Island 

Rano Kau/ 

Rano Aroi/ 

Swamp 

and lake 

Polynesi

a 

Many Many Volcanic 

high 

island 

Flenley 

and King 

(1984) 
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Rano 

Ranaku 

Republic 

of Fiji 

 Viti Levu Lake 

Tagamauci

a 

Lake Melanes

ia 

-

16.801

8 

-

179.91

5 

Composi

te high 

island 

Southern 

(1986); 

Hope 

(1996); 

Hope et 

al. (2009) 

Republic 

of Fiji 

 Totoya Mangrove 

sites (six) 

Infilled 

estuaries 

Melanes

ia 

-

18.933

6 

-

179.85

2 

Volcanic 

high 

island 

Cole 

(1996); 

Clark and 

Cole 

(1997); 

Hope et 

al. (2009) 

Republic 

of Fiji 

 Yacata Yacata 

Pond 

Infilled 

karst 

Melanes

ia 

-

17.258

5 

-

179.51

1 

Composi

te high 

island 

Hope et 

al. (2009) 

Republic 

of Fiji 

 Kaibu Soleve Infilled 

karst 

Melanes

ia 

-

17.258

5 

-

179.51

1 

Composi

te high 

island 

Hope et 

al. (2009) 

Republic 

of Fiji 

 Mago Mudflats Infilled 

karst 

Melanes

ia 

-

17.444

5 

-

179.14

9 

Composi

te high 

island 

Latham 

et al. 

(1983); 

Hope et 

al. (2009) 

Republic 

of Fiji 

 Viti Levu Cavaure Mangrove 

karst 

Melanes

ia 

-

17.341

8 

-

178.97

9 

Composi

te high 

island 

Latham 

et al. 

(1983); 

Hope et 

al. (2009) 
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Republic 

of Fiji 

 Lakeba Nabuni Valley fill Melanes

ia 

-

18.212

1 

-

178.77

6 

Composi

te high 

island 

Hope et 

al. (2009) 

Republic 

of Fiji 

 Lakeba Waitubu Valley fill Melanes

ia 

-

18.212

1 

-

178.77

6 

Composi

te high 

island 

Hope et 

al. (2009) 

Republic 

of Fiji 

 Viti Levu Volivoli 

Lagoon 

Sand plain 

lagoon 

Melanes

ia 

-

18.123

9 

177.37

53 

Composi

te high 

island 

Hope et 

al. (2009) 

Republic 

of Fiji 

 Viti Levu Doge Doge 

Swamp 

Sedge 

swamp 

Melanes

ia 

-

18.167

7 

177.55

21 

Composi

te high 

island 

Hope et 

al. (2009) 

Republic 

of Fiji 

 Viti Levu Navatu Infilled 

estuary 

Melanes

ia 

-

17.431

4 

177.80

46 

Composi

te high 

island 

Hope et 

al. (2009) 

Republic 

of Fiji 

 Viti Levu Vunimoli Infilled 

estuary 

Melanes

ia 

-

18.249

1 

178.00

2 

Composi

te high 

island 

Hope et 

al. (2009) 

Republic 

of Fiji 

 Viti Levu Wainisavul

evu 

Buried 

peat 

Melanes

ia 

-

17.730

6 

178.01

82 

Composi

te high 

island 

Southern 

(1986); 

Hope et 

al. (2009) 

Republic 

of Fiji 

 Viti Levu Nadrau 

Swamp 

Sedge 

swamp 

Melanes

ia 

-

17.730

6 

178.01

82 

Composi

te high 

island 

Southern 

(1986); 

Hope et 

al. (2009) 

Republic 

of Fiji 

 Viti Levu Meli Meli Infilled 

estuary 

Melanes

ia 

-

18.181

9 

178.19

4 

Composi

te high 

island 

Southern 

(1986); 

Hope et 

al. (2009) 
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Republic 

of Fiji 

 Viti Levu Bonatoa 

Bog 

Infilled 

estuary 

Melanes

ia 

-

18.066

7 

178.53

44 

Composi

te high 

island 

Southern 

(1986); 

Hope et 

al. 

(1999); 

Hope et 

al. (2009) 

Republic 

of Fiji 

 Viti Levu Raralevu Infilled 

estuary 

Melanes

ia 

-

18.066

7 

178.53

44 

Composi

te high 

island 

Southern 

(1986); 

Hope et 

al. (2009) 

Republic 

of Fiji 

 Vanua 

Levu 

Sari 

Swamp 

Infilled 

estuary 

Melanes

ia 

-

16.617

3 

179.53

83 

Volcanic 

high 

island 

Hope et 

al. (2009) 

French 

Polynesi

a 

 Raivavae Rarirua Marsh Polynesi

a 

-

23.868

2 

-

147.67

9 

Volcanic 

high 

island 

Prebble 

et al. 

(2019) 

French 

Polynesi

a 

 Rapa Tukou Marsh Polynesi

a 

-

27.604 

-

144.35

2 

Volcanic 

high 

island 

Prebble 

et al. 

(2012); 

Prebble 

et al. 

(2019) 

USA Mariana 

Islands 

Guam Tipalao 

Marsh 

Marsh Microne

sia 

13.45 144.63

33 

Composi

te high 

island 

Athens 

and Ward 

(1995) 

USA Mariana 

Islands 

Guam Lost Water 

Marsh 

Marsh Microne

sia 

13.45 144.63

33 

Composi

te high 

island 

Ward 

(1994) 

unpublish

ed work 

featured 

in Hope 
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et al. 

(1999) 

USA Mariana 

Islands 

Tinian 

Island 

Lake Hagoi Lake Microne

sia 

14.966

67 

145.63

33 

Limeston

e high 

island 

Athens 

and Ward 

(1999) 

French 

Polynesi

a 

Marque

sas 

Nuku 

Hiva 

Tovi'I 

Marsh 

Swamp Polynesi

a 

-

8.8740

4 

-

140.14

6 

Volcanic 

high 

island 

Allen et 

al. (2011) 

French 

Oversea

s 

Territor

y 

New 

Caledoni

a 

New 

Caledoni

a (La 

Grande 

Terre) 

Fournier 

Swamp 

Swamp Melanes

ia 

-

21.586

6 

165.34

48 

Continen

tal island 

Wirrman

n et al. 

(2011) 

French 

Oversea

s 

Territor

y 

New 

Caledoni

a 

New 

Caledoni

a (La 

Grande 

Terre) 

Lac Saint 

Louis 

Swamp Melanes

ia 

-

22.232

7 

166.55

48 

Continen

tal island 

Stevenso

n and 

Dodson 

(1995); 

Stevenso

n (2004) 

French 

Oversea

s 

Territor

y 

New 

Caledoni

a 

New 

Caledoni

a (La 

Grande 

Terre) 

Plum Swamp Melanes

ia 

-

22.266

7 

166.61

67 

Continen

tal island 

Stevenso

n et al. 

(2001) 

French 

Oversea

s 

Territor

y 

New 

Caledoni

a 

New 

Caledoni

a (La 

Grande 

Terre) 

Grand Lac Lake Melanes

ia 

-

22.264

5 

166.91

1 

Continen

tal island 

Wirrman

n et al. 

(2006) 

French 

Oversea

s 

New 

Caledoni

a 

New 

Caledoni

a (La 

Lake 

Emeric 

Lake Melanes

ia 

-

22.284

4 

166.98

14 

Continen

tal island 

Hope and 

Pask 

(1998) 
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Territor

y 

Grande 

Terre) 

French 

Oversea

s 

Territor

y 

New 

Caledoni

a 

New 

Caledoni

a (La 

Grande 

Terre) 

Xere Wapo Lake Melanes

ia 

-

22.286

4 

166.98

79 

Continen

tal island 

Stevenso

n and 

Hope 

(2005) 

French 

Oversea

s 

Territor

y 

New 

Caledoni

a 

New 

Caledoni

a (La 

Grande 

Terre) 

Lake 

Suprin 

Lake Melanes

ia 

-

22.287

3 

166.99

18 

Continen

tal island 

Hope and 

Pask 

(1998) 

Australi

a 

Norfolk 

Island 

Norfolk 

Island 

Kingston 

Common 

 - -29.02 167.59 - Macphail 

et al. 

(2001) 

Samoa  Upolu Lanoto'o Lake Polynesi

a 

-

13.909

3 

-

171.82

8 

Volcanic 

high 

island 

Parkes 

(1994) 

Samoa  Upolu Lanoto’o  Polynesi

a 

-

13.909

3 

-

171.82

8 

Volcanic 

high 

island 

Gosling et 

al. (2020) 

French 

Polynesi

a 

Society 

Islands 

Mo'orea 4 locations Archaeolog

ical 

Polynesi

a 

-

17.485

1 

-149.84 Volcanic 

high 

island 

Kahn et 

al. 

(2015b) 

French 

Polynesi

a 

Society 

Islands 

Mo'orea Lake 

Temae  

Lake Polynesi

a 

-

17.484

9 

-

149.76

9 

Volcanic 

high 

island 

Stevenso

n et al. 

(2017) 

French 

Polynesi

a 

Society 

Islands 

Mo'orea Lake 

Temae  

Lake Polynesi

a 

-

17.484

9 

-

149.76

9 

Volcanic 

high 

island 

Parkes 

(1994) 
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French 

Polynesi

a 

Society 

Islands 

Tahiti Vaifanau 

mire 

Swamp Polynesi

a 

-

17.633

3 

-

149.53

3 

Volcanic 

high 

island 

Prebble 

et al. 

(2016) 

French 

Polynesi

a 

Society 

Islands 

Tahiti Vaihiria  Lake Polynesi

a 

-

17.680

3 

-

149.41

7 

Volcanic 

high 

island 

Parkes et 

al. (1992) 

Solomo

n Islands 

 Guadalca

nal 

Lauhutu 

Swamp 

Swamp Melanes

ia 

-9.5 160.08

33 

Composi

te high 

island 

Haberle 

(1996) 

Solomo

n Islands 

 Guadalca

nal 

Mela 

Swamp 

Swamp Melanes

ia 

-9.5 160.08

33 

Composi

te high 

island 

Haberle 

(1996) 

Tonga  Tongatap

u 

Folaha 

Swamp 

Swamp Polynesi

a 

-

21.183

3 

-

175.18

3 

Reef 

island 

Ellison 

(1989) 

Tonga  ‘Eua Ano’a’pepe  Polynesi

a 

-

21.400

8 

-

174.91

8 

Limeston

e high 

island 

Unpublis

hed work 

mentione

d in Fall 

(2010) 

Tonga  Ha’afeva Finemui 

Swamp 

Swamp Polynesi

a 

-

19.948

9 

-

174.71

2 

Limeston

e low 

island 

Flenley et 

al. (1999) 

Tonga  Foa Lotofoa 

Swamp 

Swamp Polynesi

a 

-

19.746

7 

-

174.30

8 

Limeston

e low 

island 

Flenley et 

al (1999) 

Tonga  Vava’u Ngofe 

Marsh 

Marsh Polynesi

a 

-

18.664

7 

-

174.04

4 

Limeston

e high 

island 

Unpublis

hed work 

mentione

d in Fall 

(2010) 
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Tonga  Vava’u Avai’o’vun

a Swamp 

Swamp Polynesi

a 

-

18.698 

-

173.98

8 

Limeston

e high 

island 

Fall 

(2005) 

Vanuatu  Efate Emaotfer Swamp Melanes

ia 

-

17.785

9 

168.40

37 

Composi

te high 

island 

Wirrman

n et al. 

(2011) 

Vanuatu  Efate Emaotfer Swamp Melanes

ia 

-

17.785

9 

168.40

37 

Composi

te high 

island 

Combette

s et al. 

(2015) 

Vanuatu  Aneityum Anawau Swamp Melanes

ia 

-

20.223

4 

169.76

92 

Volcanic 

high 

island 

Hope and 

Spriggs 

(1982) 

Federat

ed 

States of 

Microne

sia 

Yap  Fool 

Swamp 

Swamp Microne

sia 

9.4884

1 

138.07

88 

Composi

te high 

island 

Dodson 

and Intoh 

(1999) 

Federat

ed 

States of 

Microne

sia 

Yap  Thool 

Swamp 

Swamp Microne

sia 

9.5374

8 

138.16

5 

Composi

te high 

island 

Dodson 

and Intoh 

(1999) 



 Appendix B 

120 

 

Appendix B Supplementary information for chapter 2 

 

Figure 5-1 The location of the Ngofe Marsh core. Imagery date 29th April 2017 (Google Earth Pro, 2023). 

Ngofe Marsh core stratigraphy 

The maximum age for the sequence of the Ngofe Marsh core sequence is c.7700 cal. years BP at 664 cm 

depth. The sedimentary sequences consist of silty clay between 690−630 cm (−7340 cal. years BP), clay 

between 630−617 cm (7340− 7210 cal. years BP) clay, and gyttja between 617−206 cm (7210−2040 cal. 

years BP). Above the gyttja is a layer of reed peat between 206−20 cm (2040−160 cal. years BP).  

Pollen preparation methodology 

A solution of 10% HCl was used to dissolve the Lycopodium tablets and any carbonates. To disaggregate 

organic material, the samples were boiled in 10% KOH for 10 min. The samples were passed through 

two nested sieves, 180 μm and 10 μm. The fraction ≥10 μm was retained for pollen analysis and 

the >180 μm fraction was retained for macrocharcoal analysis. The samples were boiled with 40% HF for 
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30 minutes to remove silicates. Acetolysis was achieved through the removal of water using glacial 

acetic acid (CH3COOH), and then a solution of 9:1 acetic acid to H2SO4. The samples were boiled in the 

acetolysis solution for 3 minutes and the reaction was stopped with glacial acetic acid. Some samples 

with high organic content were treated with a second round of acetolysis to further remove organics. 

The slides were stained with safranin and mounted with glycerine jelly (Bennett and Willis, 2001).  

Tephra geochemistry 

Subsamples from tephra layers T1-T5 were washed clean with deionised water and the coarsest fraction 

of grains (~63–125 µm) were picked out by hand. These grains were then mounted in epoxy resin and 

cut and polished. The samples were then sputter-coated in carbon using a JXA8530F Hyperprobe at the 

University of Auckland. Points were analysed using an accelerating voltage of 15 kV and a 2-Na electron 

beam current. Then a 10-µm defocused beam was utilised to reduce Na loss. A 5-µm diameter beam 

was used for smaller grains. The analysis was concluded with a 10-s peak and 10-s background dwell 

times for all elements. Finally, to test the migration of Na, some analyses were collected in duplicate 1-s 

accumulated peak measurements with 1-s dwell time during the second measurement. Accumulated Na 

measurements indicate that post-measurement correction of the migration of Na was not necessary. 

The calibration of the analyses and quality check were done against secondary glass standards: ATHO-G 

(MPI-DING), BCR-2G, (USGS) and VG-568 (NMNH 72854). 

Table 5-2 Site and island characteristics. Maximum island elevation, island area, and island type come 

from Nunn et al. (2016). 

Site name Island  Island 

size 

(ha) 

Latitud

e (º) 

Longitu

de 

(º) 

Site 

elevati

on (m 

a.s.l.) 

Wetl

and 

area 

(~m2

) 

Maxi

mum 

island 

eleva

tion 

(m 

a.s.l) 

Dis

tan

ce 

ton 

co

ast 

(m

) 

Vegetation 

description 

Island 

type 

Refere

nce 
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Avai’o’vun

a Swamp 

Pangaimot

u/ ‘Uta 

Vava’u 

1272

0 

-

18.697

1 

-

173.988

7 

1.5 50 88 43

0 

Cyperaceae 

wetland 

Limeston

e high 

island 

Fall 

(2005) 

Finemui 

Swamp 

Ha’afeva 135 -

19.948

9 

-

174.712 

7 4,000 14 50

0 

Wetland 

dominated 

by 

Persicaria 

cf. glabra 

Limeston

e low 

island 

Flenley 

et al. 

(1999) 

Lotofoa 

Swamp 

Foa 1572 -

19.746

7 

-

174.308 

3 125,0

00 

24 88

0 

Wetland 

dominated 

by Ludwigia 

octovalvis, 

herbaceous, 

and shrubby 

vegetation 

Limeston

e low 

island 

Flenley 

et al. 

(1999) 

Ngofe 

Marsh 

Uta’ 

Vava’u 

1272

0 

-

18.664

7 

-

174.044 

4 105,0

00 

88 80

0 

Cyperaceae 

wetland 

Limeston

e high 

island 

This 

study 
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Table 5-3 Radiocarbon dates from Ngofe Marsh. Dates were provided by SUERC NERC Radiocarbon 

Laboratory. *Outlier (not included in age-depth model). 

Lab ID 

(SUERC) 

Lab ID 

(Southampton) 

14C age Error 

(years) 

Depth 

(cm) 

NA surface -67 5 0 

SUERC-

92960 

Ngo100 1204 37 97 

SUERC-

92961 

Ngo201 1843 37 188 

SUERC-

95672 

Ngo334* 3980 37 377 

SUERC-

95671 

Ngo387 3239 36 389 

SUERC-

92970 

Ngo448 4776 36 441 

SUERC-

92971 

Ngo660 6898 37 664 

Table 5-4 Description of the explanatory variables included in the analysis for each site. Relative sea-level 

(RSL) and tephra layers. All calibrated years are extracted from the age-depth models. 

Study sites Explanatory variables (Drivers of change) 

Ngofe Marsh (‘Uta Vava’u 

Island, Vava’u Group) 

RSL change and four tephra layers. The tephra layers are named: T2 

(~3990 cal. years BP, 7 cm thick), T3 (~3680 cal. years BP, 13 cm 

thick), T4 (~1370 cal. years BP, 2 cm thick), and T5 (~371 cal. years 

BP, 13 cm thick) (Fig. 2). 



 Appendix B 

124 

 

Avai’ovuna Swamp 

(Pangaimotu Island, Vava’u 

Group) 

RSL change and tephra layers from Ngofe Marsh. 

Lotofoa Swamp (Foa Island, 

Ha’apai Group) 

RSL change and evidence of a volcanic eruption ~ 3840 cal. years BP 

(~50 cm thick). 

Finemui Swamp (Ha’afeva 

Island, Ha’apai Group) 

RSL change and evidence of volcanic eruptions ~3460 and ~5210 cal. 

years BP (~9 and ~37 cm thick, respectively) 

 

 

Figure 5-2 Age-depth model for a) Ngofe Marsh, b) Avai’o’vuna Swamp, c) Lotofoa Swamp and d) 

Finemui Swamp. 
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Figure 5-3 Magnetic susceptibility (Vol. Susc.Meas. in SI) and Ti/incoherent scatter for Ngofe Marsh. Blue 

shading indicates confirmed tephra layers labelled T1-T5. The ages are inferred from the age-depth 

model. 

 



 Appendix B 

126 

 

 

Figure 5-4 Key pollen and spores from Ngofe Marsh, Tongan names are in brackets. 1. Amaranthaceae, 

2. Arecaceae type-2, 3. Bischofia, 4. Casuarina (toa), 5. Cocos nucifera (niu), 6. Cyperaceae, 7. Dysoxylum 

(mo‘ota), 8. Eleaocarpus (ma‘ama‘alava), 9. Homalanthus (fonua mamala), 10. Loranthaceae, 11. 

Macaranga (loupata), 12. Melastomataceae, 13. Microsorum, 14. Pandanus (fafa), 15. Poaceae, 16. 

Polygonaceae, 17. Pouteria, 18. Rhamnaceae, 19. Rhizophoraceae, 20. Rhus (tavahi), 21. Stenochlaena 

(pasivaka), 22. Syzygium (fekika), 23. Trema (mangele). 
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Figure 5-5 Pollen diagram with CONISS dendrogram. Pollen percentage diagram from Ngofe Marsh 

displaying taxa >2%. Pollen and fern spores are included in the total sum. Varia have been omitted from 

the CONISS calculations (Grimm, 1987). Zonation is based on the CONISS dendrogram and represented 

as fine dashed lines. Tephra layers are indicated as T1-T5 and are shaded in blue.  Human arrival (HA) is 

represented as a purple dashed line. The pollen diagram was created using Tilia software (Grimm, 1990). 

 

Figure 5-6  Stacked pollen sums for a) Ngofe Marsh, b) Avai’o’vuna Swamp, c) Lotofoa Swamp and d) 

Finemui Swamp grouped into successional/ disturbance, littoral, mangrove, rainforest, and wetland 
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vegetation. Horizonal dashed lines indicate the location of tephra layers. Note that Cyperaceae has been 

removed from the Ngofe Marsh wetland group since it dominated the pollen record.  

 

Figure 5-7 A. Hypothetical distribution of vegetation habitat types around Ngofe Marsh ~6000–5000 cal. 

years BP. B. recent distribution of land-use types from LINZ (2019).Supplementary information for 

chapter 3 

Carbon-to-nitrogen ratio method 

To obtain total organic carbon values 5% hydrochloric acid was added to samples in beakers to remove 

calcium carbonates. The solution was left overnight and then topped up with de-ionised water and left 

until the sample settled. Once the water was clear, the sample was decanted. This process was repeated 

three times. The remaining solution was dried overnight at 40°C. The dried samples were then 

homogenised in an agate pestle and mortar.  

To obtain N values, the sediments were freeze dried.  Both C and N samples are weighed into tin 

capsules and were analysed using the Isoprime precisION with an Elementar elemental analyser. BROC3 

and Spirulina standards were used for C and N measurements. 

Pollen and spore analysis 

We added one tablet containing ~9666 or ~14285 Lycopodium exotic spores (batch numbers 3862 and 

100320201 respectively, from Lund University) to each sample for calculating concentrations 

(Stockmarr, 1971). A solution of 10% HCl was used to dissolve the Lycopodium tablets and any 
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carbonates. To disaggregate organic material, the samples were boiled in 10% KOH for 10 minutes. The 

samples were passed through two nested sieves, 125 μm and 10 μm. The fraction >10 μm was retained 

for further pollen analysis. The samples were boiled with 40% HF for 30 minutes to remove silicates. 

Acetolysis was achieved through the removal of water using glacial acetic acid (CH3COOH), and then 

addition of a solution of 9:1 acetic acid to H2SO4. The samples were boiled in the acetolysis solution for 3 

minutes and the reaction was stopped with glacial acetic acid. The slides were mounted with glycerine 

jelly (Moore et al., 1991). 
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Appendix C Supplementary information for chapter 3 

 
Figure 5-8 GPCP satellite-gauge 1979 to 2021 mean precipitation mm/day (provided by the 

NOAA/OAR/ESRL PSL, Boulder, Colorado, USA, from their website at https://psl.noaa.gov/) (Adler et al., 

2003). The yellow dashed line indicates the extend and direction of the S PCZ in La Niña conditions and 

the coarse green dashed line shows the extent during El Niño conditions. 

Table 5-5 Radiocarbon and Pb210 dates, cc refers to the calibration curve used in rbacon (Blaauw and 

Christen, 2011). 

Laboratory ID Age (Calibrated 

years before 1950) 

error Depth (cm) 

surface -65 1 0 

3474-1 -65 1 0.25 

3508-1 -64.67 1 0.75 

3537-1 -64.49 1 1.25 
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3537-2 -64.18 1 1.75 

3508-2 -63.93 1 2.25 

3537-3 -63.57 1 2.75 

3537-4 -63.07 1 3.25 

3537-5 -62.2 1 3.75 

3474-2 -61.25 1 4.25 

3537-6 -60.52 1 4.75 

3537-7 -59.71 1.1 5.25 

3537-8 -58.56 1.3 5.75 

3508-3 -57 1.6 6.25 

3537-9 -56.26 1.7 6.75 

3537-10 -55.56 1.9 7.25 

3537-11 -54.4 2.1 7.75 

3474-3 -53.5 2.3 8.25 

3537-12 -52.75 2.4 8.75 

3537-13 -51.83 2.6 9.25 

3537-14 -50.47 2.9 9.75 

3508-4 -48.32 3.3 10.5 

3537-15 -46.68 3.7 11.5 

3474-4 -45.06 4 12.5 

3537-16 -43.19 4.4 13.5 

3508-5 -40.8 4.8 14.5 
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3537-17 -37.39 5.5 15.5 

3474-5 -33.86 6.2 16.5 

3537-18 -29.32 7.1 17.5 

3508-6 -25.2 8 18.5 

3537-19 -19.22 9.2 19.5 

3474-6-L -10.33 10.9 20.5 

3537-20 0.44 13.1 21.5 

3508-7 11.81 15.4 22.5 

3537-21 34.71 19.9 23.5 

D-AMS 026249 

(L1 28-29) 

124 24 48.8 

D-AMS 026250 

(L1 58-59)  

-58 25 78.8 

SUERC-67469 (L1 

90-91) 

349 37 110.8 

UBA-46366 (L1A 

72-73) 

711 22 172.79 

D-AMS 026251 

(L2 58-59) 

923 26 197.82 

SUERC-67470 (L3 

15-16)  

1262 35 258.71 

D-AMS 026252 

(L3 76-77) 

1608 25 319.71 
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SUERC-67471 

(L3A 58-59)  

1853 37 338.34 

 

 
Figure 5-9 rbacon age-depth model for Lake Emaotul, Efate, Vanuatu calibrated using the Southern 

Hemisphere calibration curve (Hogg et al., 2020). (RStudio Team, 2015, Blaauw and Christen, 2011, R 

Core Team, 2017) after Sear et al (2020) and (Maloney et al., 2022). 
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Figure 5-10 Key pollen and spore types. 1. Acalypha. 2. Amaranthaceae/ Caryophyllaceae. 3. 

Barringtonia. 4. Casuarina. 5. Davalliaceae. 6. Erythrina. 7. Euphorbiaceae/ Rubiaceae. 8. Hibiscus 

tiliaceus. 9. Homalanthus. 10. Hypolepis. 11. Leucaena. 12. Lycopodiella cernua. 13. Macaranga. 14. 

Meliaceae. 15. Nymphoides. 16. Pandanus. 17. Phyllanthus. 18. Poaceae. 19. Polygonaceae. 20. 

Sapindaceae. 21. Sapotaceae. 22. Solanaceae. 23. Trema. 24. Trilete gemmate spore. 25. Trilete, psilate 

spore. 
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Figure 5-11 Scanning electron microscope images of pumice from 160–166 cm. 

Table 5-6 Summary of the mean temporal resolution of palaeoecological methods used in this study 

proxies. 
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Proxy Environmental driver Mean time resolution 

Chironomids Aquatic ecosystem ~160 years (~33 cm) 

C/N Source of organic 

matter 

~10 years (~ 2cm) 

Itrax Erosion Sub annual (0.2 mm) 

Tephra Volcanic activity?? Discrete horizon, plus 

dispersed shards in some 

levels 

Pollen  Vegetation   ~70 years (~14 cm) and ~5 

years (1 cm) directly above 

and below the Kuwae ash 

Micro-and macro-

charcoal 

Fire ~70 years (~14 cm) and ~5 

years (1 cm) directly above 

and below the Kuwae ash 
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Figure 5-12 CONISS calculation of the pollen percentage diagram for Lake Emaotul showing pollen and 

spores which have been taxonomically identified and have >1% abundance. CONISS calculations were 

based on all taxa except those which are unidentified (Grimm, 1987). Taxa are grouped into trees and 

shrubs (green), dryland herbs (red), wetland herbs (yellow), other herbs (orange), aquatic plants (blue), 

and ferns and fern allies (brown). Taxa which occur in low abundances have been shown with x 5 

exaggeration (pale shaded colours). The lilac shaded area represents the area where Kuwae volcanic ash 

was identified and the cyan shaded area represents the transition from wetter to drier climate. 

Table 5-7 Canonical Correspondence Analysis correlation scores. 

Environmental driver Proxy CCA axis-1 CCA axis-2 

Magnetic susceptibility Tephra and erosion 0.08167 0.7514 

Ti/inc Erosion 0.93972 -0.1108 

Microcharcoal Regional fires 0.46558 -0.5196 

Macrocharcoal Local fires -0.47496 -0.5499 

Precipitation Precipitation 0.60693 -0.1712 
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Table 5-8 Palaeoecological change indicated from chironomids and pollen in aquatic and 

terrestrial settings attributed to volcanic ash fallout in Oceania and South America. 

Con

tine

nt 

Cou

ntry 

Site Depo

sitio

nal 

setti

ng 

Locati

on 

Site 

ele

vati

on 

(m.

a.s.l

) 

Teph

ra 

date 

Ash 

(or 

igni

mbri

te*) 

thick

ness 

(cm) 

Proxy 

type 

Respon

se and 

interpr

etation 

Reco

very 

time 

(year

s) 

Com

ment 

Refe

renc

e 

Oce

ania 

Ne

w 

Zeal

and 

Revi

ew 

of 

18 

site

s 

fro

m 

Nor

th 

Isla

nd 

(Te 

Ika-

a-

Mā

ui) 

 Lacu

strin

e and 

wetla

nd 

Multip

le at 

varyin

g 

distan

ces 

from 

volcani

c 

epicen

tre 

Lake 

Taupo 

(38°47'

26.78"

S 

175°54

'14.68"

E) 

Mul

tipl

e 

 1850 

cal 

years 

BP 

(Tapo

u) 

 Mult

iple 

(42*-

0.5) 

Fossil 

pollen 

and 

charc

oal 

Proxim

al 

podoca

rp/ 

hardwo

od 

forests 

were 

destroy

ed by 

ignimbr

ite. 

Pteridi

um 

esculen

tum, 

Poacea

e, 

Asterac

eae 

and 

Gonoca

rpus 

increas

ed.  

Proxi

mal 

fores

t 

~200 

C14 

years 

Local 

climat

e was 

likely 

an 

impor

tant 

factor 

for 

recov

ery 

rates 

Wil

msh

urst 

and 

McG

lone 

(199

6) 
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Oce

ania 

Ne

w 

Zeal

and 

Mat

aka

na 

Wetl

and 

37°29'

22.59"

S 

175°59

'59.98"

E 

1 665 

cal. 

years 

BP 

(Kaha

roa) 

3 Fossil 

pollen 

Leucop

ogon 

fascicul

atus 

(shrub) 

and 

Tupeia 

antarcti

ca 

(shrub) 

becam

e 

extirpat

ed 

from 

the 

area  

  Anthr

opoge

nic 

activit

y may 

have 

contri

buted 

to 

veget

ation 

chang

es  

Giles 

et al. 

(199

9) 

Oce

ania 

Ton

ga 

Lot

ofo

a 

Swa

mp 

Wetl

and 

19°44'

48.12"

S 

174°18

'28.80"

W 

3 ~380

0 cal. 

years 

BP 

50 Fossil 

pollen 

Vegetat

ion 

change 

from 

ferns to 

coastal 

forests 

and 

then to 

more 

open 

conditi

ons 

>380

0 

No 

return 

to 

pre-

erupti

on 

condit

ions 

has 

been 

obser

ved 

perha

ps 

due 

to 

huma

n 

arrival 

~2800 

Flenl

ey et 

al. 

(199

9) 
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years 

ago 

Sou

th 

Am

eric

a 

Ecu

ado

r 

Lag

una 

Bañ

os 

Lacus

trine 

surro

unde

d by 

pára

mo 

veget

ation 

0°19'1

9.68"S 

78°9'1

0.50"

W 

382

1 

1500 

cal. 

years 

BP 

(Cosa

nga 

regio

n) 

>5 Fossil 

pollen 

Slight 

increas

e in 

herbs 
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Poacea

e) 

<100   Matt

hew

s-

Bird 

et al. 

(201

7); 

Mon

toya 

et al. 

(202

1) 

Sou

th 

Am

eric

a 

Ecu

ado

r 

Lag

una 
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os 

Lacus

trine 

surro

unde
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pára

mo 

veget
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W 
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1 
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BP 
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nga 

regio

n) 

>5 Chiro

nomi

ds 
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C/N 

ratio 

Chiron

omid 
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C/N 

ratio 
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ed.  

>150

0 

  Matt

hew
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et al. 
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Mon

toya 

et al. 
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1) 
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th 

Am
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a 
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r 
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os 
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mo 
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y 
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CE 
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ms 
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chiro
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ds 

Chiron

omids 

showed 

a 

decreas

e in 
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Short

-lived 
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tti et 

al. 

(201

5) 
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ation

. 

Neva

do 

Caya

mabe 

or 

Pichi

ncha 

(1553 

or 

1660 

CE) 

althoug

h 

species 

compo

sition 

stayed 

the 

same. 

Sou

th 

Am

eric

a 

Ecu

ado

r 

Vini

llos 

Wetl

and 

surro
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d by 

glaci

al 
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ts 

0°36′2.

8′′S, 

77°50′

48.8′′

W 

209

0 

Multi

ple 

(4) 

betw
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45–

42 k. 

cal 

years 

BP.  

18, 

25, 

40 
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Fossil 

pollen
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pollen 
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oal. 
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tephra 
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disappe
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eae 
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recur
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red 

 Loug

hlin 

et al. 

(201

8) 
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ns 
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of 
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. 

Sou

th 
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W 
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8 
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BP 
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ds 
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No 
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in 
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in C/N 
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hew

s-
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and

a 

40.00"

W 

bly 
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Mou

nt 
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BP. 

repe
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0) 

Sou

th 

Am

eric

a 
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e 
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n 
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Wetl
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37.0"S 
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W 
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Appendix D Supplementary information for chapter 4 

Table 5-9 Palaeoecological records included in this study (part 1).  

Site name Site ID 

(this 

study) 

Neotoma 

Site ID 

Latitude Longitude Site 

elevation 

(m.a.s.l) 

Country Island 

name 

Approxim

ate arrival 

of 

humans 

(Cal. years 

BP) 

St. Louis 

Lac 

1  2

8240 

 -

22.23278 

166.55 5 New 

Caledonia 

Grande 

Terre 

~3000 

(Sand, 

1997) 

Plum 

Swamp 

2 NA -

22.261461 

166.62667

5 

10 New 

Caledonia 

Grande 

Terre 

~3000 

(Sand, 

1997) 

Anouwe 

Swamp 

3 28318 -20.23932 169.82227 4 Vanuatu Aneityum 3000 

(Petchey 

et al., 

2014) 

Waitetoke 4 23921 -36.61015 175.78865 1 New 

Zealand 

Ahuahu/ 

Great 

Mercury 

700 

(Wilmshur

st et al., 

2011) 

Volivoli 5 NA -

17.310000 

178.17000

0 

2 Fiji Viti Levu 2900 

(Anderson 

and Clark, 

1999) 

Bonatoa 

Bog 

6 9979 -18.0667 178.5333 4 Fiji Viti Levu 2900 

(Anderson 

and Clark, 

1999) 
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Lake 

Tagimauci

a 

7 27226 -16.8217 -179.939 680 Fiji Taveuni 2900 

(Anderson 

and Clark, 

1999) 

Yacata 8 NA -

17.258464 

-

179.51058

5 

2 Fiji Yacata 2900 

(Anderson 

and Clark, 

1999) 

Finemui 

Swamp 

9 NA -19.9489 -174.712 7 Tonga Ha'afeva 2765 

(Burley et 

al., 2015) 

Lotofoa 

Swamp 

10 NA -19.7467 -174.308 3 Tonga Foa 2765 

(Burley et 

al., 2015) 

Ngofe 

Marsh 

11 NA -18.6647 -174.044 4 Tonga ‘Uta 

Vava'u 

2780 

(Burley et 

al., 2015) 

Avai’o’vun

a Swamp 

12 NA -

18.697111 

-

173.98874

7 

0 Tonga Uta 

Vava'u/ 

Pangaimo

tu 

2780 

(Burley et 

al., 2015) 

Lake 

Lanoto'o 

13 NA -13.9093 -171.828 760 Samoa Upolu 2800 

(Leach 

and 

Green, 

1989) 

Tukou 

Marsh 

14 23925 -27.604 -144.352 3 French 

Polynesia 

Rapa 700 

(Kennett 

et al., 

2006) 

Rano Aroi 15 NA -27.1865 -109.435 430 Chile Rapa Nui/ 

Easter 

Island 

700 (Hunt 

and Lipo, 

2006) but 

see Rull 
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(2020) for 

discussion 

on earlier 

settlemen

t 

estimates 
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Table 5-10 Palaeoecological records included in this study (part 2). 

Site name Island 

area (ha) 

Nunn et 

al. 

(2016)*or 

Google 

Earth Pro 

(2023) 

Island 

type Nunn 

et al. 

(2016) * 

or 

Hayward 

(1976) 

Maximum 

island 

elevation 

(m) Nunn 

et al. 

(2016) * 

or Google 

Earth Pro 

(2023) 

Distance 

from 

nearest 

mainland 

(km) 

Weigelt et 

al. (2013) 

*or 

Google 

Earth Pro 

(2023) 

Minimum 

age Cal 

year BP 

Maximum 

age Cal 

years BP 

Type Reference

/ Pollen 

analyst 

St. Louis 

Lac 

1891479.3

4 

Continent

al island 

450 1353.55 592 6688 Wetland Stevenson 

and 

Dodson 

(1995) 

Plum 

Swamp 

1891479.3

4 

Continent

al island 

647 1353.55 124 23,020 Wetland Stevenson 

et al. 

(2001) 

Anouwe 

Swamp 

17928.56 Volcanic 

high island 

852 1816.91 1419 16,087 Wetland Hope and 

Spriggs 

(1982) 

Waitetoke 1872* Volcanic* 819* 6* -58 5370 Wetland Holdaway 

et al. 

(2019); 

Prebble et 

al. (2019) 

Volivoli 1182706 Composite 

high island 

1323 2706.89 0 4873 Lagoon Hope et al. 

(2009) 

Bonatoa 

Bog 

1182706 Composite 

high island 

1323 2706.89 -34 4075 Wetland Hope et al. 

(2009) 

Lake 

Tagimauci

a 

52728.56 Volcanic 

high island 

1241 2829.38 83 17,062 Lake Hope et al. 

(2009) 
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Yacata 943.95 Composite 

high island 

256 ~ 2922.1 0 4939 Lake Hope et al. 

(2009) 

Finemui 

Swamp 

135.45 Limestone 

low island 

14 3340.86 -69 5874 Wetland Flenley et 

al. (1999) 

Lotofoa 

Swamp 

1571.78 Limestone 

low island 

24 3385.72 -49 7008 Wetland Flenley et 

al. (1999) 

Ngofe 

Marsh 

12719.52 Limestone 

high island 

88 3468.1 -67 7693 Wetland Strandber

g et al. 

(2023a in 

press) 

Avai’o’vun

a Swamp 

12719.52 Limestone 

low island 

8 3468.1 -47 4987 Wetland Fall (2005) 

Lake 

Lanoto'o 

121546.4 Volcanic 

high island 

1100 3887.14 545 10,004 Lake Gosling et 

al. (2020) 

Tukou 

Marsh 

5413.68 Volcanic 

high island 

650 6009.78 -32 8250 Wetland Prebble et 

al. (2019) 

Rano Aroi  21350.09 Volcanic 

high island 

507 3523.41  -27 41,506 Wetland Flenley et 

al. (1991) 



 Appendix D 

152 

 

 

 
Figure 5-13 Rano Aroi age-depth model updated from Flenley et al. (1999). Radiocarbon dates 

were recalibrated using the SHCal20 calibration curve using rbacon (Blaauw and Christen, 2011, 

Hogg et al., 2020). 

 
Figure 5-14 The length of pollen records with pollen assemblages older than 5000 cal. years BP 

removed. 
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Figure 5-15 Distribution of 500-year time intervals for all sites. 

Table 5-11 Descriptions of the pollen data after harmonisation and prior to binning 

Site name Pollen 

data 

format 

(prior to 

rescaling 

to %) 

Mea

n 

polle

n & 

spor

e 

sum 

Minimu

m pollen 

& spore 

sum 

Total 

numb

er of 

taxa 

Mean 

rarefi

ed 

richne

ss 

Reference/ Pollen analyst 

Plum Swamp Count 378 35 71 2.3 Stevenson et al. (2001) 

St. Louis Lac Count 397 3 50 9.2 Stevenson (2004) 

Anouwe 

Swamp 

Count 75 9 49 6.4 Hope and Spriggs (1982) 

Waitetoke Count 350 230 94 23 Holdaway et al. (2019); Prebble et 

al. (2019) 

Volivoli Percenta

ge 

NA Unknown 53 NA Hope et al. (2009) 
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Bonatoa Bog Count 303 206 83 25.6 Hope et al. (2009) 

Lake 

Tagimaucia 

Count 510 270 115 34.7 Hope et al. (2009) 

Yacata Percenta

ge 

NA Unknown 35 NA Hope et al. (2009) 

Finemui 

Swamp 

Percenta

ge 

NA Normally 

200 but 

occasion

ally 

fewer 

38 NA Flenley et al. (1999) 

Lotofoa Swamp Percenta

ge 

NA Normally 

200 but 

occasion

ally 

fewer 

34 NA Flenley et al. (1999) 

Ngofe Marsh Count 223 42 47 8.6 Strandberg et al. (2023a in press) 

Avai’o’vuna 

Swamp 

Count 362 60 67 14.3 Fall (2005) 

Lake Lanoto'o Count 207 149 34 16.4 Gosling et al. (2020) 

Tukou Marsh Count 210 82 43 10.3 Prebble et al. (2019) 

Rano Aroi Percenta

ge 

NA 200 

terrestria

l pollen 

in most 

cases 

17 NA Flenley et al. (1991) 
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Figure 5-16 Smooth spline showing pairwise Bray-Curtis similarity scores among all 15 sites on 13 

islands, over the past 5000 cal. years. 1= indicate greatest similarity and 0= lowest similarity. 
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Figure 5-17 Pairwise Bray-Curtis comparisons grouped by if neither, one, or both of the islands 

was settled during a time interval. N= number of pairwise comparisons. 
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Figure 5-18 Breakpoint linear model showing pairwise Bray-Curtis similarity scores among all 15 

sites on 13 islands, over the past 5000 years. The blue shaded area shows the 95% confidence 

interval.
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Appendix E Faecal biomarker extraction and data 

analysis 

E.1.1 Methodology 

Faecal sterols were analysed to investigate when humans and pigs arrived within the catchment 

area of Ngofe Marsh. Seventeen subsamples (1 sample ~375 years) were freeze-dried and then 

ground in an agate pestle and mortar which had been cleaned with ethanol. The subsamples were 

then weighed and wrapped in foil, which had been sterilised in a furnace at 450 °C. The samples 

were transferred into microwave extraction tubes. Microwave-assisted extracted was completed 

using 15 ml DCM:CH3OH (2:1 v/v), the samples were heated to 70 °C for 10 min and held at 70 °C 

for a further 10 min and then left to cool for 20 min. Samples were then centrifuged at 1700 rpm 

for 3 min and the supernatant was decanted into a 28 ml test tube. This was repeated twice more 

after adding 6 ml of DCM:CH3OH (2:1 v/v). The solvents were blown dry under nitrogen to obtain 

the TLE (total lipid extract).  

The TLE was then saponified, 2 ml of KOH was added to CH3OH 5M and heated to 120 °C for 1 h. 

The samples were then acidified to pH 3-4 with HCl 6M in an ice bath. Once at room temperature, 

5 ml of DCM extracted DD-H2O. The saponified TLE was extracted with 5 ml CHCl3 three times 

and then filtered through an anhydrous sodium sulphate column and then blown dry under 

nitrogen.  

The saponified TLE was dissolved in 1 ml of DCM:2-propanol (2:1 v/v) and sonicated. An 

aminopropyl column was pre-treated with 6 ml of DCM:2- propanol (2:1 v/v) and then the 

samples were loaded onto the columns. To elute the neutral fraction the column was applied with 

6 ml DCM:2-propanol (2:1 v/v) and drained into a 7 ml vial. To elute the acid fraction the column 

was washed applied with 6 ml 3% acetic acid in methanol (v/v) into another 7 ml vial. Both acid 

and neutral fractions were dried under nitrogen.  

The neutral fraction was dissolved in 1 ml of DCM. Then a silica gel column was preconditioned 

with DCM. The sample was loaded onto the column, a series of solvents was used to elute 

compounds into 7 ml vials. Hexane: DCM (2:1) (relative volume 3) was used to obtain aliphatics 

and aromatics. DCM (relative volume 3) was used to obtain ketones and wax esters and 

DCM:CH3OH (1:1) (relative volume 2) to obtain alcohols.  
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To derivatise the alcohol faction, 30 µl of BSTFA with 1% TMCS was added to the sample and 

heated to 70 °C for < 3 h. The samples were then dried down under nitrogen and then dissolved in 

hexane for analysis with GC and GC-MS. The data processing was done using XCalibur software, 

version 3.0. Compound signatures were compared with those in Prost et al. (2017) and total peak 

areas for each compound were detected.  

Soils can harbour background levels of 5β-stanols (Bethell et al., 1994). Therefore, whilst it is 

possible to base faecal matter detection on 5β-stanols abundances (Gendre et al., 1994), it is 

perhaps more prudent to use ratios. A ratio was used to normalise the peak area values, this was 

the sum of the 5β-stanols (coprostanol and epicoprostanol) over the sum of the 5β-stanols plus 

5a-stanol (5a-cholestanol). This ratio has previously been used by Simpson et al. (1998); Bull et al. 

(1999a); Bull et al. (1999b); and Bull et al. (1999c). A ratio of 0.7 or greater suggests the presence 

of faecal matter in modern samples (Grimalt et al., 1990). However, Simpson et al. (1998) argue 

that values this high may not occur in older samples due to partial degradation of the molecules 

over time, such as in archaeological soils. Prost et al. (2017) suggests that faecal inputs with a 

ratio between 0.3–0.7 can neither confirm nor exclude the presence of faecal matter, whereas 

ratio value of <0.3 suggest no presence of faecal matter. 

E.1.2 Results and discussion 

Detecting the presence of humans, and the animals they introduced, within ecosystems is 

important to pinpoint the onset of impacts and disentangle human impacts from other 

environmental changes (e.g., Raposeiro et al., 2021). Faecal stanol analysis was conducted on the 

Ngofe Marsh (Tonga) sedimentary sequence (Chapter 2) to detect the presence of human and 

porcine (pig) faecal matter, and therefore human arrival, since humans introduced pigs to Tonga 

(Steadman, 1993). 

The ratio was generally low (0.06 –0.25) until ~ 3240 cal. years BP (Figure 5-19). The sample at 

~3250 cal. years BP exhibits the highest ratio of the sequence at 0.42. Thereafter, values vary 

between 0.048–0.29 until the most recent sample, dated to ~645 cal. years BP, also surpassed the 

0.3 ratio threshold at 0.32.  
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Figure 5-19 The ratio shown is: 5β-stanols (coprostanol and epicoprostanol) over the sum of the 

5β-stanols plus 5a-stanol (5a-cholestanol) over time. The red dashed vertical line shows the 

threshold for possible faecal matter (Prost et al., 2017). 

Two samples surpassed the 0.3 ratio threshold for possible faecal matter (Figure 5-19), the first 

was dated to ~3240 cal. years BP (95% confidence interval 3591–2880 cal years BP) and the 

second was dated to ~645 cal. years BP (95% confidence interval 835–445 cal. years BP). It is 

possible that both ratio values indicate the presence of human or porcine faecal matter. However, 

the timing of the earlier (0.42) value (~3240 cal. years BP) is earlier than estimated human arrival 

in the Vava’u island group which, according to archaeological data, it is between 2805–2680 cal. 

years BP (Burley et al., 2015). The ~3240 cal. years BP sample is also earlier than the vegetation 

changes, found at Ngofe Marsh, which appear to be consistent with human arrival ~2670 cal. 

years BP, this was indicated by an increase in native secondary forest taxa Macaranga and 

Pandanus (see Chapter 2). No increase in micro- and macro-charcoal is associated with human 

arrival and there are no instances of cultivated crops which would help to detect the timing of 

human arrival (Chapter 2), such as Colocasia esculenta (taro) or Ipomea batatas (sweet potato), 

known to appear in the palaeoecological record when people settled islands in the Pacific (e.g., 

Prebble, 2008). 
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The second instance that the ratio values surpassed the 0.3 threshold at ~645 cal. years BP 

occurred when humans were present and established in Tonga, yet since neither value surpasses 

0.7, it cannot be said with confidence that the faecal matter of humans and pigs has been 

detected. Faecal stanols were also detected before ~3240 cal. years BP, but did not surpass the 

0.3 threshold for possible faecal matter. One explanation of this early finding of faecal stanols 

might be since faecal stanols can be produced by microbial conversion of cholesterol to 5β-

stanols, at least in anoxic sediments (Argiriadis et al., 2018).  

There are a number of possibilities for why the 0.7 threshold for probable faecal matter was not 

met. One explanation is that faecal stanols have been degraded over time. For example, aerobic 

bacteria are known to degrade 5β-stanols in soils (Elhmmali et al., 1997). Degradation can also 

occur in anaerobic conditions (Canuel and Martens, 1996). Another explanation is that there were 

few humans or pigs in the catchment of Ngofe Marsh. Finally, the relatively low sampling 

resolution might explain why ≥0.7 values were not identified. Increased sampling resolution might 

better show periods of increased and decreased human occupation within the catchment. 



Bibliography 

162 

 

Bibliography 

. 

Australasian Pollen and Spore Atlas, [Online]. The Australian National University. Available: 

http://apsa.anu.edu.au/ [Accessed 2020]. 

'AHOLAHI, H. 2013. Mangroves of Tonga [Online]. Available: 

https://www.livingoceansfoundation.org/mangroves-of-tonga/ [Accessed]. 

ADLER, R. F., HUFFMAN, G. J., CHANG, A., FERRARO, R., XIE, P.-P., JANOWIAK, J., RUDOLF, B., 

SCHNEIDER, U., CURTIS, S., BOLVIN, D., GRUBER, A., SUSSKIND, J., ARKIN, P. & NELKIN, E. 

2003. The Version-2 Global Precipitation Climatology Project (GPCP) Monthly 

Precipitation Analysis (1979–Present). Journal of Hydrometeorology, 4, 1147-1167. 

ÅKESSON, C. M., MCMICHAEL, C. N. H., RACZKA, M. F., HUISMAN, S. N., PALMEIRA, M., VOGEL, J., 

NEILL, D., VEIZAJ, J. & BUSH, M. B. 2021. Long-term ecological legacies in western 

Amazonia. Journal of Ecology, 109, 432-446. 

ALLEN, J. R. M. & HUNTLEY, B. 2018. Effects of tephra falls on vegetation: A Late-Quaternary 

record from southern Italy. Journal of Ecology, 106, 2456-2472. 

ALLEN, M. S., BUTLER, K., FLENLEY, J. & HORROCKS, M. 2011. New pollen, sedimentary, and 

radiocarbon records from the Marquesas Islands, East Polynesia: Implications for 

archaeological and palaeoclimate studies. Holocene, 21, 473-484. 

ALSOS, I. G., SJÖGREN, P., EDWARDS, M. E., LANDVIK, J. Y., GIELLY, L., FORWICK, M., COISSAC, E., 

BROWN, A. G., JAKOBSEN, L. V., FØREID, M. K. & PEDERSEN, M. W. 2015. Sedimentary 

ancient DNA from Lake Skartjørna, Svalbard: Assessing the resilience of arctic flora to 

Holocene climate change. The Holocene, 26, 627-642. 

ANDERSEN, T., EKREM, T. & CRANSTON, P. 2013. 1. The larvae of the Holarctic Chironomidae - 

Introduction. In: Andersen, T. Cranston, P.S. & Epler J.H. (Sci. eds): The larvae of 

Chironomidae (Diptera) of the Holarctic region – Keys and diagnoses. Insect Systematics & 

Evolution, Supplement, 66, 7-12. 



Bibliography 

163 

 

ANDERSON, A. & CLARK, G. 1999. The age of Lapita settlement in Fiji. Archaeology in Oceania, 34, 

31-39. 

ANU. 2007. The Australasian Pollen and Spore Atlas V1.0. [Online]. Australian National University, 

Canberra. Available: http://apsa.anu.edu.au/ [Accessed 1st June 2021]. 

ARGIRIADIS, E., BATTISTEL, D., MCWETHY, D. B., VECCHIATO, M., KIRCHGEORG, T., KEHRWALD, N. 

M., WHITLOCK, C., WILMSHURST, J. M. & BARBANTE, C. 2018. Lake sediment fecal and 

biomass burning biomarkers provide direct evidence for prehistoric human-lit fires in New 

Zealand. Scientific Reports, 8. 

ARNALDS, O. 2013. The influence of volcanic tephra (ash) on ecosystems. Advances in agronomy, 

121, 331-380. 

ASH, R. P., CARNEY, J. N. & MACFARLANE, A. M. Geology of Efate and offshore islands. 1978. 

ATHENS, J. S. & WARD, J. V. 1995. Paleoenvironment of the Orote Peninsula, Guam. Micronesica. 

28, 1, 51–76. 

ATHENS, J. S. & WARD, J. V. 1997. The Maunawili core: prehistoric inland expansion of settlement 

and agriculture, O'ahu, Hawai'i. 

ATHENS, J. S. & WARD, J. V. 1999. Paleoclimate, vegetation, and landscape change on Guam: the 

Laguas core. . In: DIXON, B., ATHENS, J. S., WARD, J. V., MANGIERI, T. & RIETH, T. (eds.) 

Archaeological Inventory Survey of the Sasa Valley and Tenjo Vista Fuel Tank Farms, Piti 

District, Territory of Guam, Mariana Islands. Report prepared for Department of the Navy, 

Pacific Division, Naval Facilities Engineering Command, Pearl Harbor, Hawai’i. Honolulu: 

International Archaeological Research Institute, Inc. 

BAISER, B., OLDEN, J. D., RECORD, S., LOCKWOOD, J. L. & MCKINNEY, M. L. 2012. Pattern and 

process of biotic homogenization in the New Pangaea. Proceedings of the Royal Society B: 

Biological Sciences, 279, 4772-4777. 

BEDFORD, S., SIMÉONI, P. & LEBOT, V. 2018. The anthropogenic transformation of an island 

landscape: Evidence for agricultural development revealed by LiDAR on the island of 

Efate, Central Vanuatu, South-West Pacific. Archaeology in Oceania, 53, 1-14. 



Bibliography 

164 

 

BEDFORD, S. & SPRIGGS, M. 2014. The Archaeology of Vanuatu: 3000 Years of History across 

Islands of Ash and Coral. 

BELLARD, C., LECLERC, C. & COURCHAMP, F. 2014. Impact of sea level rise on the 10 insular 

biodiversity hotspots. Global Ecology and Biogeography, 23, 203-212. 

BENNETT, K. & WILLIS, K. J. 2001. Pollen. In: BIRKS, H. J. B. & LAST, W. M. (eds.) Tracking 

Environmental Change Using Lake Sediments. Volume 3: Terrestrial, algal, and siliceous 

indicators. Springer. 

BENNINGHOFF, W. S. & KAPP, R. O. 1962. Suggested notations to indicate identification status of 

fossil pollen. 

BETHELL, P. H., GOAD, L. J., EVERSHED, R. P. & OTTAWAY, J. 1994. The study of molecular markers 

of human activity: the use of coprostanol in the soil as an indicator of human faecal 

material. Journal of Archaeological Science, 21, 619-632. 

BILDERBACK, D. E. & CARLSON, C. E. 1987. Effects of Persistent Volcanic Ash on Douglas-fir in 

Northern Idaho, Ogden, Utah, U.S. Dept. of Agriculture, Forest Service, Intermountain 

Research Station. 

BIRK, J. J., TEIXEIRA, W. G., NEVES, E. G. & GLASER, B. 2011. Faeces deposition on Amazonian 

Anthrosols as assessed from 5β-stanols. Journal of Archaeological Science, 38, 1209-1220. 

BIRKS, H., FELDE, V. A. & SEDDON, A. W. 2016a. Biodiversity trends within the Holocene. The 

Holocene, 26, 994-1001. 

BIRKS, H. J. B., FELDE, V. A. & SEDDON, A. W. R. 2016b. Biodiversity trends within the Holocene. 

The Holocene, 26, 994-1001. 

BIRKS, H. J. B. & LINE, J. 1992. The use of rarefaction analysis for estimating palynological richness 

from Quaternary pollen-analytical data. The Holocene, 2, 1-10. 

BLAAUW, M. & CHRISTEN, J. A. 2011. Flexible Paleoclimate Age-Depth Models Using an 

Autoregressive Gamma Process. Bayesian Analysis, 6, 457-474. 

BLACK, R. & MACK, R. 1984. Aseasonal leaf abscission in Populus induced by volcanic ash. 

Oecologia, 64, 295-299. 



Bibliography 

165 

 

BLARQUEZ, O., CARCAILLET, C., FREJAVILLE, T. & BERGERON, Y. 2014. Disentangling the 

trajectories of alpha, beta and gamma plant diversity of North American boreal 

ecoregions since 15,500 years. Frontiers in Ecology and Evolution, 2. 

BLOWES, S. A., MCGILL, B., BRAMBILLA, V., CHOW, C. F. Y., ENGEL, T., FONTRODONA-ESLAVA, A., 

MARTINS, I. S., MCGLINN, D., MOYES, F., SAGOUIS, A., SHIMADZU, H., VAN KLINK, R., XU, 

W.-B., GOTELLI, N. J., MAGURRAN, A., DORNELAS, M. & CHASE, J. M. 2022. Synthesis 

reveals biotic homogenisation and differentiation are both common. bioRxiv, 

2022.07.05.498812. 

BLUST, R. 1996. Austronesian culture history: The window of language. Transactions of the 

American Philosophical Society, 86, 28-&. 

BOESSENKOOL, S., MCGLYNN, G., EPP, L. S., TAYLOR, D., PIMENTEL, M., GIZAW, A., NEMOMISSA, 

S., BROCHMANN, C. & POPP, M. 2014. Use of Ancient Sedimentary DNA as a Novel 

Conservation Tool for High-Altitude Tropical Biodiversity. Conservation Biology, 28, 446-

455. 

BRAY, J. R. & CURTIS, J. T. 1957. An ordination of the upland forest communities of southern 

Wisconsin. Ecological monographs, 27, 326-349. 

BROOKS, S. J., LANGDON, P. G. & HEIRI, O. 2007. The identification and use of Palaearctic 

Chironomidae Larvae in Palaeoecology. QRA Technical Guide. London: Quaternary 

Research Association. 

BULL, I. D., BETANCOURT, P. P. & EVERSHED, R. P. 1999a. Chemical evidence for a structured 

agricultural manuring regime on the island of Pseira, Crete during the Minoan Period. 

Meletemata: Studies in Aegean Archaeology (AEGAEUM 20 Annales d'archeologie egeene 

de l'Universite de Liege et UT-PASP. Université de Liège and University of Texas at Austin. 

BULL, I. D., LOCKHEART, M. J., ELHMMALI, M. M., ROBERTS, D. J. & EVERSHED, R. P. 2002. The 

origin of faeces by means of biomarker detection. Environment International, 27, 647-

654. 

BULL, I. D., SIMPSON, I. A., DOCKRILL, S. J. & EVERSHED, R. P. 1999b. Organic geochemical 

evidence for the origin of ancient anthropogenic soil deposits at Tofts Ness, Sanday, 

Orkney. Organic geochemistry, 30, 535-556. 



Bibliography 

166 

 

BULL, I. D., SIMPSON, I. A., VAN BERGEN, P. F. & EVERSHED, R. P. 1999c. Muck ‘n’molecules: 

organic geochemical methods for detecting ancient manuring. Antiquity, 73, 86-96. 

BUMA, B., HARVEY, B. J., GAVIN, D. G., KELLY, R., LOBODA, T., MCNEIL, B. E., MARLON, J. R., 

MEDDENS, A. J. H., MORRIS, J. L., RAFFA, K. F., SHUMAN, B., SMITHWICK, E. A. H. & 

MCLAUCHLAN, K. K. 2019. The value of linking paleoecological and neoecological 

perspectives to understand spatially-explicit ecosystem resilience. Landscape Ecology, 34, 

17-33. 

BURLEY, D., EDINBOROUGH, K., WEISLER, M. & ZHAO, J. X. 2015. Bayesian Modeling and 

Chronological Precision for Polynesian Settlement of Tonga. Plos One, 10. 

BURMAN, S. G., ARONSON, R. B. & VAN WOESIK, R. 2012. Biotic homogenization of coral 

assemblages along the Florida reef tract. Marine Ecology Progress Series, 467, 89-96. 

BUSH, M. B., SILMAN, M. R. & URREGO, D. H. 2004. 48,000 Years of Climate and Forest Change in 

a Biodiversity Hot Spot. Science, 303, 827-829. 

BUTLER, K. & FLENLEY, J. 2010. The Rano Kau 2 pollen diagram: palaeoecology revealed. Rapa Nui 

J, 24, 5-10. 

BUTLER, K. & J, F. 2001. Further pollen evidence from Easter Island. In: STEVENSON, C. M., LEE, G. 

& MORI, F. J. (eds.) Proceedings of the Fifth International Conference on Easter Island and 

the Pacific. Los Osos: Easter Island Foundation. 

BUTLER, K., PRIOR, C. A. & FLENLEY, J. R. 2004. Anomalous radiocarbon dates from Easter Island. 

Radiocarbon, 46, 395-405. 

CAÑELLAS-BOLTA, N., RULL, V., SAEZ, A., MARGALEF, O., GIRALT, S., PUEYO, J. J., BIRKS, H. H., 

BIRKS, H. J. B. & PLA-RABES, S. 2012. Macrofossils in Raraku Lake (Easter Island) integrated 

with sedimentary and geochemical records: towards a palaeoecological synthesis for the 

last 34,000 years. Quaternary Science Reviews, 34, 113-126. 

CAÑELLAS-BOLTA, N., RULL, V., SAEZ, A., MARGALEF, O., PLA-RABES, S., VALERO-GARCES, B. & 

GIRALT, S. 2016. Vegetation dynamics at Raraku Lake catchment (Easter Island) during the 

past 34,000 years. Palaeogeography Palaeoclimatology Palaeoecology, 446, 55-69. 



Bibliography 

167 

 

CAÑELLAS-BOLTA, N., RULL, V., SAEZ, A., PREBBLE, M. & MARGALEF, O. 2014. First records and 

potential palaeoecological significance of Dianella (Xanthorrhoeaceae), an extinct 

representative of the native flora of Rapa Nui (Easter Island). Vegetation History and 

Archaeobotany, 23, 331-338. 

CANUEL, E. A. & MARTENS, C. S. 1996. Reactivity of recently deposited organic matter: 

Degradation of lipid compounds near the sediment-water interface. Geochimica et 

cosmochimica acta, 60, 1793-1806. 

CARVALHEIRO, L. G., KUNIN, W. E., KEIL, P., AGUIRRE-GUTIÉRREZ, J., ELLIS, W. N., FOX, R., 

GROOM, Q., HENNEKENS, S., VAN LANDUYT, W., MAES, D., VAN DE MEUTTER, F., MICHEZ, 

D., RASMONT, P., ODE, B., POTTS, S. G., REEMER, M., ROBERTS, S. P. M., SCHAMINÉE, J., 

WALLISDEVRIES, M. F. & BIESMEIJER, J. C. 2013. Species richness declines and biotic 

homogenisation have slowed down for NW-European pollinators and plants. Ecology 

Letters, 16, 870-878. 

CASTILLA-BELTRÁN, A., DE NASCIMENTO, L., FERNÁNDEZ-PALACIOS, J.-M., WHITTAKER, R. J., 

WILLIS, K. J., EDWARDS, M. & NOGUÉ, S. 2021a. Anthropogenic transitions from forested 

to human-dominated landscapes in southern Macaronesia. Proceedings of the National 

Academy of Sciences, 118. 

CASTILLA-BELTRÁN, A., DE NASCIMENTO, L., FERNÁNDEZ-PALACIOS, J. M., WHITTAKER, R. J., 

ROMEIRAS, M. M., CUNDY, A. B., EDWARDS, M. & NOGUÉ, S. 2021b. Effects of Holocene 

climate change, volcanism and mass migration on the ecosystem of a small, dry island 

(Brava, Cabo Verde). Journal of Biogeography, 48, 1392-1405. 

CASTRO, S. A., DAEHLER, C. C., SILVA, L., TORRES-SANTANA, C. W., REYES-BETANCORT, J. A., 

ATKINSON, R., JARAMILLO, P., GUEZOU, A. & JAKSIC, F. M. 2010. Floristic homogenization 

as a teleconnected trend in oceanic islands. Diversity and Distributions, 16, 902-910. 

CASTRO, S. A. & JAKSIC, F. M. 2008. Role of non-established plants in determining biotic 

homogenization patterns in Pacific Oceanic Islands. Biological Invasions, 10, 1299-1309. 

CASTRO, S. A., MUÑOZ, M. & JAKSIC, F. M. 2007. Transit towards floristic homogenization on 

oceanic islands in the south‐eastern Pacific: comparing pre‐European and current floras. 

Journal of Biogeography, 34, 213-222. 



Bibliography 

168 

 

CBD 2014. Review of Tonga’s National Biodiversity Strategy and Action Plan – Fifth Report. 

Convention on Biological Diversity  

CHAGUE-GOFF, C., CHAN, J. C. H., GOFF, J. & GADD, P. 2016. Late Holocene record of 

environmental changes, cyclones and tsunamis in a coastal lake, Mangaia, Cook Islands. 

Island Arc, 25, 333-349. 

CHAMBERLAIN, S. & SZOCS, E. 2013. taxize - taxonomic search and retrieval in R. F1000Research. 

CHASE, J. M. 2007. Drought mediates the importance of stochastic community assembly. 

Proceedings of the National Academy of Sciences, 104, 17430-17434. 

CHURCH, J. A., CLARK, P. U., CAZENAVE, A., GREGORY, J. M., JEVREJEVA, S., LEVERMANN, A., 

MERRIFIELD, M. A., MILNE, G. A., NEREM, R. S., NUNN, P. D., PAYNE, A. J., PFEFFER, W. T., 

STAMMER, D. & UNNIKRISHNAN, A. S. 2013. Sea Level Change. In: STOCKER, T. F., QIN, D., 

PLATTNER, G.-K., TIGNOR, M., ALLEN, S. K., BOSCHUNG, J., NAUELS, A., XIA, Y., BEX, V. & 

MIDGLEY, P. M. (eds.) Climate Change 2013: The Physical Science Basis. Contribution of 

Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on 

Climate Change. Cambridge, United Kingdom 

New York, NY, USA.: Cambridge University Press. 

CILLAURREN, E., DAVID, G., GRANDPERRIN, R. & DOUMENGE, F. 2001. Atlas des pêcheries côtières 

de Vanuatu: un bilan décennal pour le développement= Coastal fisheries atlas of Vanuatu: 

a 10-year development assessment. 

CLARK, J. 1988. Particle motion and the theory of charcoal analysis: source area, transport, 

deposition, and sampling. Quaternary Research, 30, 67-80. 

CLARK, J. T. & COLE, A. O. 1997. Environmental change and human prehistory in the Central 

Pacific: Archaeological and palynological investigations on Totoya Island, Fiji. Report to the 

Fiji Museum. Suva. 

CLARK, J. T., QUINTUS, S., WEISLER, M., ST PIERRE, E., NOTHDURFT, L. & FENG, Y. X. 2016. Refining 

the chronology for West Polynesian colonization: New data from the Samoan archipelago. 

Journal of Archaeological Science-Reports, 6, 266-274. 



Bibliography 

169 

 

COBB, K. M., WESTPHAL, N., SAYANI, H. R., WATSON, J. T., DI LORENZO, E., CHENG, H., EDWARDS, 

R. & CHARLES, C. D. 2013. Highly variable El Niño–southern oscillation throughout the 

Holocene. Science, 339, 67-70. 

COLE-DAI, J., MOSLEY-THOMPSON, E., WIGHT, S. P. & THOMPSON, L. G. 2000. A 4100-year record 

of explosive volcanism from an East Antarctica ice core. Journal of Geophysical Research: 

Atmospheres, 105, 24431-24441. 

COLE, A. O. 1996. A dynamical systems framework for modelling plant community organisation. 

Unpublished PhD thesis, Massey University. 

COLE, L. E., BHAGWAT, S. A. & WILLIS, K. J. 2014. Recovery and resilience of tropical forests after 

disturbance. Nature communications, 5, 1-7. 

COMBETTES, C., SEMAH, A. M. & WIRRMANN, D. 2015. High-resolution pollen record from Efate 

Island, central Vanuatu: Highlighting climatic and human influences on Late Holocene 

vegetation dynamics. Comptes Rendus Palevol, 14, 251-261. 

COMMENDADOR, A. S., DUDGEON, J. V., FULLER, B. T. & FINNEY, B. P. 2014. Radiocarbon Dating 

Human Skeletal Material on Rapa Nui: Evaluating the Effect of Uncertainty in Marine-

Derived Carbon. Radiocarbon, 56, 277-294. 

CONNELL, J. H. 1978. Diversity in tropical rain forests and coral reefs: high diversity of trees and 

corals is maintained only in a nonequilibrium state. Science, 199, 1302-1310. 

CORREA-METRIO, A., DECHNIK, Y., LOZANO-GARCÍA, S. & CABALLERO, M. 2014. Detrended 

correspondence analysis: A useful tool to quantify ecological changes from fossil data 

sets. Boletín de la Sociedad Geológica Mexicana, 66, 135-143. 

CRANE, E. A. 1979. The geology of Tonga. Nuku'alofa, Tonga. 

CRONIN, S. J., GAYLORD, D. R., CHARLEY, D., ALLOWAY, B. V., WALLEZ, S. & ESAU, J. W. 2004. 

Participatory methods of incorporating scientific with traditional knowledge for volcanic 

hazard management on Ambae Island, Vanuatu. Bulletin of Volcanology, 66, 652-668. 

CRONIN, S. J., HEDLEY, M. J., NEALL, V. E. & SMITH, R. G. 1998. Agronomic impact of tephra fallout 

from the 1995 and 1996 Ruapehu Volcano eruptions, New Zealand. Environmental 

Geology, 34, 21-30. 



Bibliography 

170 

 

CRONIN, S. J., NEALL, V. E., LECOINTRE, J. A. & PALMER, A. S. 1997. Changes in Whangaehu river 

lahar characteristics during the 1995 eruption sequence, Ruapehu volcano, New Zealand. 

Journal of Volcanology and Geothermal Research, 76, 47-61. 

CROUDACE, I. W., LÖWEMARK, L., TJALLINGII, R. & ZOLITSCHKA, B. 2019. Current perspectives on 

the capabilities of high resolution XRF core scanners. Quaternary International, 514, 5-15. 

CROUDACE, I. W., RINDBY, A. & ROTHWELL, R. G. 2006. ITRAX: description and evaluation of a 

new multi-function X-ray core scanner. Geological Society, London, Special Publications, 

267, 51. 

D’ANJOU, R. M., BRADLEY, R. S., BALASCIO, N. L. & FINKELSTEIN, D. B. 2012. Climate impacts on 

human settlement and agricultural activities in northern Norway revealed through 

sediment biogeochemistry. Proceedings of the National Academy of Sciences, 109, 20332. 

DALE, V. H., DELGADO-ACEVEDO, J. & MACMAHON, J. 2005. Effects of modern volcanic eruptions 

on vegetation. In: ERNST, G. G. J. & MARTI, J. (eds.) Volcanoes and the Environment. 

Cambridge: Cambridge University Press. 

DAWSON, S. 1990. A chemical and mineralogical study of a sediment core from Lake Tiriara, 

Mangaia, southern Cook Islands, with special reference to the impact of early man. . BSc 

Honours thesis, University of Hull. 

DEARING, J. 1994. Environmental magnetic susceptibility : using the Bartington MS2 system, Chi 

Publishing for Bartington Instruments Ltd. 

DENHAM, T., RAMSEY, C. B. & SPECHT, J. 2012. Dating the appearance of Lapita pottery in the 

Bismarck Archipelago and its dispersal to Remote Oceania. Archaeology in Oceania, 47, 

39-46. 

DICKINSON, W. R. 2003. Impact of mid-Holocene hydro-isostatic highstand in regional sea level on 

habitability of islands in Pacific Oceania. Journal of Coastal Researc, 19, 489– 502. 

DICKINSON, W. R. 2014. Coastal Landforms on Islands of Pacific Oceania. 

DICKINSON, W. R. & BURLEY, D. V. 2007. Geoarchaeology of Tonga: Geotectonic and geomorphic 

controls. Geoarchaeology, 22, 229-259. 



Bibliography 

171 

 

DIEFFENBACHER-KRALL, A. C., VANDERGOES, M. J. & DENTON, G. H. 2007. An inference model for 

mean summer air temperatures in the Southern Alps, New Zealand, using subfossil 

chironomids. Quaternary Science Reviews, 26, 2487-2504. 

DODSON, J. R. & INTOH, M. 1999. Prehistory and palaeoecology of Yap, federated states of 

Micronesia. Quaternary International, 59, 17-26. 

DOMÍNGUEZ-GARCÍA, V., DAKOS, V. & KÉFI, S. 2019. Unveiling dimensions of stability in complex 

ecological networks. Proceedings of the National Academy of Sciences, 116, 25714-25720. 

DORNELAS, M., GOTELLI, N. J., MCGILL, B., SHIMADZU, H., MOYES, F., SIEVERS, C. & MAGURRAN, 

A. E. 2014. Assemblage Time Series Reveal Biodiversity Change but Not Systematic Loss. 

Science, 344, 296-299. 

DUMONT, H. J., COCQUYT, C., FONTUGNE, M., ARNOLD, M., REYSS, J.-L., BLOEMENDAL, J., 

OLDFIELD, F., STEENBERGEN, C. L., KORTHALS, H. J. & ZEEB, B. A. 1998. The end of moai 

quarrying and its effect on Lake Rano Raraku, Easter Island. Journal of Paleolimnology, 20, 

409-422. 

DUNCAN, R. P., BOYER, A. G. & BLACKBURN, T. M. 2013. Magnitude and variation of prehistoric 

bird extinctions in the Pacific. Proceedings of the National Academy of Sciences, 110, 

6436-6441. 

EASTWOOD, W. J., TIBBY, J., ROBERTS, N., BIRKS, H. J. B. & LAMB, H. F. 2002. The environmental 

impact of the Minoan eruption of Santorini (Thera): Statistical analysis of palaeoecological 

data from Gölhisar, southwest Turkey. Holocene, 12, 431-444. 

EGGLER, W. A. Plant Life of Paricutin Volcano, Mexico, Eight Years After Activity Ceased. 1963. 

ELHMMALI, M. M., ROBERTS, D. J. & EVERSHED, R. P. 1997. Bile acids as a new class of sewage 

pollution indicator. Environmental science & technology, 31, 3663-3668. 

ELLISON, C. 1988. Holocene sea level record of Tongatapu, Kingdom of Tonga, from pollen analysis 

of mangrove sediments [microform]. 

ELLISON, J. 1994. Palaeo-lake and swamp stratigraphic records of Holocene vegetation and sea-

level changes, Mangaia, Cook Islands. Pacific Science, 48, 1-15. 



Bibliography 

172 

 

ELLISON, J. C. 1989. Pollen analysis of mangrove sediments as a sea-level indicator: assessment 

from Tongatapu, Tonga. Palaeogeography, Palaeoclimatology, Palaeoecology, 74, 327-

341. 

ELLISON, J. C. 1990. Vegetation and floristics of the Tongatapu outliers. Atoll research bulletin. 

ELLISON, J. C. 1999. Impacts of Sediment Burial on Mangroves. Marine Pollution Bulletin, 37, 420-

426. 

ELLISON, J. C., BUFFINGTON, K. J., THORNE, K. M., GESCH, D., IRWIN, J. & DANIELSON, J. 2022. 

Elevations of mangrove forests of Pohnpei, Micronesia. Estuarine, Coastal and Shelf 

Science, 268, 107780. 

ENQUIST, B. J., CONDIT, R., PEET, R. K., SCHILDHAUER, M. & THIERS, B. M. 2016. 

Cyberinfrastructure for an integrated botanical information network to investigate the 

ecological impacts of global climate change on plant biodiversity. PeerJ Preprints. 

ERDTMAN, G. & WODEHOUSE, R. P. 1944. An introduction to pollen analysis, LWW. 

ESRI 2022. World Imagery (Clarity). In: ESRI, D., GEOEYE, EARTHSTAR GEOGRAPHICS, CNES/AIRBUS 

DS, USDA, USGS, AEROGRID, IGN, AND THE GIS USER COMMUNITY (ed.). 

FÆGRI, K. & IVERSEN, J. 1989. Textbook of Pollen Analysis., Chichester, John Wiley. 

FALL, P. L. 2005. Vegetation change in the coastal-lowland rainforest at Avai'o'vuna Swamp, 

Vava'u, Kingdom of Tonga. Quaternary Research, 64, 451-459. 

FALL, P. L. 2010. Pollen evidence for plant introductions in a Polynesian tropical island ecosystem, 

Kingdom of Tonga. Altered ecologies: fire, climate and human influence on terrestrial 

landscapes, Terra Australis, 32, 253-271. 

FALL, P. L. & DREZNER, T. D. 2011. Plant Dispersal, Introduced Species, and Vegetation Change in 

the South Pacific Kingdom of Tonga. Pacific Science, 65, 143-156. 

FALL, P. L. & DREZNER, T. D. 2020. Vascular plant species of the Kingdom of Tonga by vegetation 

type, species origin, growth form, and dispersal mechanism. Ecology, 101, e02902. 

FALL, P. L., DREZNER, T. D. & FRANKLIN, J. 2007. Dispersal ecology of the lowland rain forest in the 

Vava'u island group, Kingdom of Tonga. New Zealand Journal of Botany, 45, 393-417. 



Bibliography 

173 

 

FERNÁNDEZ-PALACIOS, J. M., KREFT, H., IRL, S. D. H., NORDER, S., AH-PENG, C., BORGES, P. A. V., 

BURNS, K. C., DE NASCIMENTO, L., MEYER, J.-Y., MONTES, E. & DRAKE, D. R. 2021. 

Scientists’ warning – The outstanding biodiversity of islands is in peril. Global Ecology and 

Conservation, 31, e01847. 

FESQ-MARTIN, M., FRIEDMANN, A., PETERS, M., BEHRMANN, J. & KILIAN, R. 2004. Late-glacial and 

Holocene vegetation history of the Magellanic rain forest in southwestern Patagonia, 

Chile. Vegetation History and Archaeobotany, 13, 249-255. 

FEURDEAN, A., WILLIS, K. J., PARR, C. L., TANŢĂU, I. & FĂRCAŞ, S. 2010. Post‐glacial patterns in 

vegetation dynamics in Romania: homogenization or differentiation? Journal of 

Biogeography, 37, 2197-2208. 

FINDERUP NIELSEN, T., SAND-JENSEN, K., DORNELAS, M. & BRUUN, H. H. 2019. More is less: net 

gain in species richness, but biotic homogenization over 140 years. Ecology Letters, 22, 

1650-1657. 

FLENLEY, J. R., HANNAN, C. T. & FARELLY, M. J. 1999. Final report on the stratigraphy and 

palynology of swamps on the islands of Ha'afeva and Foa, Ha'apai, Tonga. Geography 

Programme Miscellaneous Publication. Palmerston, New Zealand: Massey University. 

FLENLEY, J. R., KING, A. S. M., JACKSON, J., CHEW, C., TELLER, J. T. & PRENTICE, M. E. 1991. The 

Late Quaternary vegetational and climatic history of Easter Island. Journal of Quaternary 

Science, 6, 85-115. 

FLENLEY, J. R. & KING, S. M. 1984. Late Quaternary Pollen Records from Easter-Island. Nature, 

307, 47-50. 

FRANKHAM, R. 1998. Inbreeding and Extinction: Island Populations. Conservation Biology, 12, 

665-675. 

FRANKHAM, R. 2001. Inbreeding and Extinction in Island Populations: Reply to Elgar and Clode. 

Conservation Biology, 15, 287-289. 

FRANKLIN, J. 2003. Regeneration and growth of pioneer and shade-tolerant rain forest trees in 

Tonga. New Zealand Journal of Botany, 41. 



Bibliography 

174 

 

FRANKLIN, J., DRAKE, D. R., BOLICK, L. A., SMITH, D. S. & MOTLEY, T. J. 1999. Rain forest 

composition and patterns of secondary succession in the Vava'u Island group, Tonga. 

Journal of Vegetation Science 10, 51-64. 

FRANKLIN, J., DRAKE, D. R., MCCONKEY, K. R., FILIPE, T. & SMITH, L. B. 2004. The Effects of Cyclone 

Waka on the Structure of Lowland Tropical Rain Forest in Vava'u, Tonga. Journal of 

Tropical Ecology, 20, 409-420. 

FRASER, D., VILLASEÑOR, A., TÓTH, A. B., BALK, M. A., ERONEN, J. T., ANDREW BARR, W., 

BEHRENSMEYER, A. K., DAVIS, M., DU, A., TYLER FAITH, J., GRAVES, G. R., GOTELLI, N. J., 

JUKAR, A. M., LOOY, C. V., MCGILL, B. J., MILLER, J. H., PINEDA-MUNOZ, S., POTTS, R., 

SHUPINSKI, A. B., SOUL, L. C. & KATHLEEN LYONS, S. 2022. Late quaternary biotic 

homogenization of North American mammalian faunas. Nature Communications, 13, 

3940. 

FUJIKI, T., OKUNO, M., MORIWAKI, H., NAKAMURA, T., KAWAI, K., MCCORMACK, G., COWAN, G. & 

MAOATE, P. T. 2014. Vegetation Changes Viewed from Pollen Analysis in Rarotonga, 

Southern Cook Islands, Eastern Polynesia. Radiocarbon, 56, 699-708. 

FUKUYO, N., CLARK, G., PURCELL, A., PARTON, P. & YOKOYAMA, Y. 2020. Holocene sea level 

reconstruction using lagoon specific local marine reservoir effect and geophysical 

modeling in Tongatapu, Kingdom of Tonga. Quaternary Science Reviews, 244, 106464. 

GÁMEZ-VIRUÉS, S., PEROVIĆ, D. J., GOSSNER, M. M., BÖRSCHIG, C., BLÜTHGEN, N., DE JONG, H., 

SIMONS, N. K., KLEIN, A.-M., KRAUSS, J., MAIER, G., SCHERBER, C., STECKEL, J., 

ROTHENWÖHRER, C., STEFFAN-DEWENTER, I., WEINER, C. N., WEISSER, W., WERNER, M., 

TSCHARNTKE, T. & WESTPHAL, C. 2015. Landscape simplification filters species traits and 

drives biotic homogenization. Nature Communications, 6, 8568. 

GAO, C., ROBOCK, A., SELF, S., WITTER, J. B., STEFFENSON, J. P., CLAUSEN, H. B., SIGGAARD-

ANDERSEN, M.-L., JOHNSEN, S., MAYEWSKI, P. A. & AMMANN, C. 2006. The 1452 or 1453 

A.D. Kuwae eruption signal derived from multiple ice core records: Greatest volcanic 

sulfate event of the past 700 years. Journal of Geophysical Research: Atmospheres, 111. 

GARANGER, J. 1972. Archéologie des Nouvelles-Hébrides: Contribution à la connaissance des îles 

du Centre, Paris, Société des Océanistes. 



Bibliography 

175 

 

GARCÍA-ALIX, A., JIMÉNEZ-MORENO, G., ANDERSON, R. S., JIMÉNEZ ESPEJO, F. J. & DELGADO 

HUERTAS, A. 2012. Holocene environmental change in southern Spain deduced from the 

isotopic record of a high-elevation wetland in Sierra Nevada. Journal of Palaeolimnology, 

48, 471–484. 

GAUCH, H. G. & GAUCH JR, H. G. 1982. Multivariate analysis in community ecology, Cambridge 

University Press. 

GENDRE, F., BECK, C., RUCH, P. W. & KUBLER, B. 1994. Human impacts on coral ecosystems at 

Mauritius island: coprostanol in surface sediments. Eclogae Geologicae Helvetiae, 87, 357-

367. 

GIBBONS, J. W., SCOTT, D. E., RYAN, T. J., BUHLMANN, K. A., TUBERVILLE, T. D., METTS, B. S., 

GREENE, J. L., MILLS, T., LEIDEN, Y., POPPY, S. & WINNE, C. T. 2000. The Global Decline of 

Reptiles, Déjà Vu Amphibians: Reptile species are declining on a global scale. Six 

significant threats to reptile populations are habitat loss and degradation, introduced 

invasive species, environmental pollution, disease, unsustainable use, and global climate 

change. BioScience, 50, 653-666. 

GILES, T. M., NEWNHAM, R. M., LOWE, D. J. & MUNRO, A. 1999. Impact of tephra fall and 

environmental change: a 1000 year record from Matakana Island, Bay of Plenty, North 

Island, New Zealand. Geological Society, London, Special Publications, 161, 11 - 26. 

GILLESPIE, R. G., BALDWIN, B. G., WATERS, J. M., FRASER, C. I., NIKULA, R. & RODERICK, G. K. 2012. 

Long-distance dispersal: a framework for hypothesis testing. Trends in Ecology & 

Evolution, 27, 47-56. 

GILLSON, L., LADLE, R. & ARAÚJO, M. 2011. Baselines, Patterns and Process. 

GOFF, J., CHAGUÉ-GOFF, C., DOMINEY-HOWES, D., MCADOO, B., CRONIN, S., BONTÉ-GRAPETIN, 

M., NICHOL, S., HORROCKS, M., CISTERNAS, M., LAMARCHE, G., PELLETIER, B., JAFFE, B. & 

DUDLEY, W. 2011. Palaeotsunamis in the Pacific Islands. Earth-Science Reviews, 107, 141-

146. 

GOFF, J. R., CHAGUÉ-GOFF, C. & TERRY, J. P. 2012. The value of a Pacific-wide tsunami database to 

risk reduction: putting theory into practice. Geological Society, London, Special 

Publications, 361, 209-220. 



Bibliography 

176 

 

GOOGLE EARTH PRO. 2023. Google Earth Pro V 7.3.6.9345 [Online].  [Accessed 6th February 

2023]. 

GOSLING, W. D., DE KRUIF, J., NORDER, S. J., DE BOER, E. J., HOOGHIEMSTRA, H., RIJSDIJK, K. F. & 

MCMICHAEL, C. N. H. 2017. Mauritius on fire: Tracking historical human impacts on 

biodiversity loss. Biotropica, 49, 778-783. 

GOSLING, W. D., MILLER, C. S. & LIVINGSTONE, D. A. 2013. Atlas of the tropical West African 

pollen flora. Review of Palaeobotany and Palynology, 199, 1-135. 

GOSLING, W. D., SEAR, D. A., HASSALL, J. D., LANGDON, P. G., BÖNNEN, M. N. T., DRIESSEN, T. D., 

VAN KEMENADE, Z. R., NOORT, K., LENG, M. J., CROUDACE, I. W., BOURNE, A. J. & 

MCMICHAEL, C. N. H. 2020. Human occupation and ecosystem change on Upolu (Samoa) 

during the Holocene. Journal of Biogeography, 47, 600-614. 

GREEN, R. C. 1991. Near and Remote Oceania: Disestablishing Melanesia In Culture History. In: 

PAWLEY A (ed.) Man and A Half: Essays In Pacific Anthropology and Ethnobiology In 

Honour of Ralph Bulmer. Auckland. 

GRIMALT, J. O., FERNANDEZ, P., BAYONA, J. M. & ALBAIGES, J. 1990. Assessment of fecal sterols 

and ketones as indicators of urban sewage inputs to coastal waters. Environmental 

Science & Technology, 24, 357-363. 

GRIMM, E. 1990. TILIA and TILIA* GRAPH: PC Spreadsheet and Graphics Software for Pollen Data. 

INQUA Working Group on Data-Handling Methods, Newsletter 4, p. 5e7. 

GRIMM, E. C. 1987. Coniss - a Fortran-77 Program for Stratigraphically Constrained Cluster-

Analysis by the Method of Incremental Sum of Squares. Computers & Geosciences, 13, 13-

35. 

GRIMM, V. & WISSEL, C. 1997. Babel, or the ecological stability discussions: an inventory and 

analysis of terminology and a guide for avoiding confusion. Oecologia, 109, 323-334. 

GUNDERSON, L. H. 2000. Ecological resilience—in theory and application. Annual review of 

ecology and systematics, 31, 425-439. 

HABERLE, S. 1996. Explanations for palaeoecological changes on the northern plains of 

Guadalcanal, Solomon Islands: The last 3200 years. Holocene, 6, 333-338. 



Bibliography 

177 

 

HABERLE, S. G. & DAVID, B. 2004. Climates of change: human dimensions of Holocene 

environmental change in low latitudes of the PEPII transect. Quaternary International, 

118, 165-179. 

HABERLE, S. G., SZEICZ, J. M. & BENNETT, K. D. 2000. Late Holocene vegetation dynamics and lake 

geochemistry at Laguna Miranda, XI Region, Chile. Revista chilena de historia natural, 73, 

655-669. 

HAMBURGER, K., DALL, P. C. & LINDEGAARD, C. 1994. Energy metabolism of Chironomus 

anthracinus (Diptera: Chironomidae) from the profundal zone of Lake Esrom, Denmark, as 

a function of body size, temperature and oxygen concentration. Hydrobiologia, 294, 43-

50. 

HAMBURGER, K., DALL, P. C. & LINDEGAARD, C. 1995. Effects of oxygen deficiency on survival and 

glycogen content of Chironomus anthracinus (Diptera, Chironomidae) under laboratory 

and field conditions. Hydrobiologia, 297, 187-200. 

HAMILTON, R., BRUSSEL, T., ASENA, Q., BRUÉL, R., MARCISZ, K., SŁOWIŃSKI, M. & MORRIS, J. L. 

2018. Assessing the links between resilience, disturbance and functional traits in 

paleoecological datasets. 

HARPER, M. A., HOWORTH, R. & MCLEOD, M. 1986. Late Holocene diatoms in Lake Poukawa: 

Effects of airfall tephra and changes in depth. New Zealand Journal of Marine and 

Freshwater Research, 20, 107-118. 

HARTMAN, L. H., KURBATOV, A. V., WINSKI, D. A., CRUZ-URIBE, A. M., DAVIES, S. M., DUNBAR, N. 

W., IVERSON, N. A., AYDIN, M., FEGYVERESI, J. M., FERRIS, D. G., FUDGE, T. J., OSTERBERG, 

E. C., HARGREAVES, G. M. & YATES, M. G. 2019. Volcanic glass properties from 1459 C.E. 

volcanic event in South Pole ice core dismiss Kuwae caldera as a potential source. 

Scientific Reports, 9, 14437. 

HASSALL, J. D. 2017. Static or dynamic : reconstructing past movement of the South Pacific 

Convergence Zone. Thesis (Ph D ) - University of Southampton, Faculty of Social, Human 

and Mathematical Sciences, 2017, Original typescript,. 

HAYWARD, B. 1976. Geology of the Whitianga Group, Great Mercury Island - Part I. Coroglen 

Subgroup stratigraphy. Tane, 22, 5-14. 



Bibliography 

178 

 

HEINEN, J. H., FLORENS, F. B. V., BAIDER, C., HUME, J. P., KISSLING, W. D., WHITTAKER, R. J., 

RAHBEK, C. & BORREGAARD, M. K. 2023. Novel plant–frugivore network on Mauritius is 

unlikely to compensate for the extinction of seed dispersers. Nature Communications, 14, 

1019. 

HELWIG, N. 2020. Multiple and generalized nonparametric regression. P. Atkinson, S. Delamont, A. 

Cernat, JW Sakshaug, & RA Williams (Eds.). SAGE Research Methods Foundations. 

HICKMAN, M. & REASONER, M. A. 1994. Diatom responses to late Quaternary vegetation and 

climate change, and to deposition of two tephras in an alpine and a sub-alpine lake in 

Yoho National Park, British Columbia. Journal of Paleolimnology, 11, 173-188. 

HILL, M. O. & GAUCH, H. G. 1980. Detrended correspondence analysis: an improved ordination 

technique. Classification and ordination. Springer. 

HILLEBRAND, H., LANGENHEDER, S., LEBRET, K., LINDSTRÖM, E., ÖSTMAN, Ö. & STRIEBEL, M. 

2018. Decomposing multiple dimensions of stability in global change experiments. 

Ecology Letters, 21, 21-30. 

HILLS, T., BROOKS, A., ATHERTON, J., RAO, N. & JAMES, R. 2011. Pacific Island Biodiversity, 

Ecosystems and Climate Change Adaptation: Building on Nature’s Resilience Apia. Samoa: 

SPREP. 

HODGSON, D., MCDONALD, J. L. & HOSKEN, D. J. 2015. What do you mean, ‘resilient’? Trends in 

Ecology & Evolution, 30, 503-506. 

HOFFMANN, A. 2007. Looking to Epi: further consequences of the Kuwae eruption, central 

Vanuatu, AD 1452. Bulletin of the Indo-Pacific Prehistory Association, 26. 

HOGG, A. G., HEATON, T. J., HUA, Q., PALMER, J. G., TURNEY, C. S. M., SOUTHON, J., BAYLISS, A., 

BLACKWELL, P. G., BOSWIJK, G., BRONK RAMSEY, C., PEARSON, C., PETCHEY, F., REIMER, 

P., REIMER, R. & WACKER, L. 2020. SHCal20 Southern Hemisphere Calibration, 0–55,000 

Years cal BP. Radiocarbon, 62, 759-778. 

HOGG, A. G., HUA, Q., BLACKWELL, P. G., NIU, M., BUCK, C. E., GUILDERSON, T. P., HEATON, T. J., 

PALMER, J. G., REIMER, P. J., REIMER, R. W., TURNEY, C. S. M. & ZIMMERMAN, S. R. H. 

2013. Shcal13 Southern Hemisphere Calibration, 0-50,000 Years Cal Bp. Radiocarbon, 55, 

1889-1903. 



Bibliography 

179 

 

HOLDAWAY, S. J., EMMITT, J., FUREY, L., JORGENSEN, A., O'REGAN, G., PHILLIPPS, R., PREBBLE, M., 

WALLACE, R. & LADEFOGED, T. N. 2019. Māori settlement of New Zealand: The 

Anthropocene as a process. Archaeology in Oceania, 54, 17-34. 

HOLLING, C. S. 1973. Resilience and stability of ecological systems. Annual review of ecology and 

systematics, 4, 1-23. 

HOPE, G., O'DEA, D. & SOUTHERN, W. 1999. Holocene vegetation histories in the Western Pacific : 

alternative records of human impact. . In: JEAN-CHRISTOPHE, G. & I., L. (eds.) Le Pacifique 

de 5000 à 2000 avant le présent : suppléments à l'histoire d'une colonisation 

The Pacific from 5000 to 2000 BP : colonisation and transformations  

Conférence Lapita : Le Pacifique de 5000 à 2000 avant le Présent : Suppléments à l'Histoire d'une 

Colonisation. Port Vila (VAN): Paris. 

HOPE, G. & PASK, J. 1998. Tropical vegetational change in the late Pleistocene of New Caledonia. 

Palaeogeography Palaeoclimatology Palaeoecology, 142, 1-21. 

HOPE, G. & SPRIGGS, M. 1982. A preliminary pollen sequence from Aneityum Island, Southern 

Vanuatu. Bulletin of the Indo-Pacific Prehistory Association. 

HOPE, G., STEVENSON, J. & SOUTHERN, W. 2009. Vegetation histories from the Fijian Islands: 

Alternative records of human impact. Early Prehistory of Fiji, 31, 63-86. 

HOPE, G. S. 1996. Quaternary change and historical biogeography of Pacific Islands. In: KEAST, A. 

& MILLER, S. E. (eds.) The origin and evolution of Pacific Island biotas, New Guinea to 

Eastern Polynesia: Patterns and process. Amsterdam.: SPB Publishing. 

HOPE, G. S. 2001. Quaternary change and the historical biogeography of Pacific islands. . In: 

KEAST, A. & MILLER, S. E. (eds.) The origin and evolution of Pacific Island biotas, New 

Guinea to Eastern Polynesia: Patterns and processes, pp165-190. Amsterdam: Academic 

Publishing. 

HORROCKS, M., BAISDEN, W., HARPER, M., MARRA, M., FLENLEY, J., FEEK, D., HAOA-CARDINALI, 

S., KELLER, E., NUALART, L. G. & GORMAN, T. E. 2015. A plant microfossil record of Late 

Quaternary environments and human activity from Rano Aroi and surroundings, Easter 

Island. Journal of paleolimnology, 54, 279-303. 



Bibliography 

180 

 

HORROCKS, M., BAISDEN, W., NIEUWOUDT, M., FLENLEY, J., FEEK, D., NUALART, L. G., HAOA-

CARDINALI, S. & GORMAN, T. E. 2012. Microfossils of Polynesian cultigens in lake 

sediment cores from Rano Kau, Easter Island. Journal of Paleolimnology, 47, 185-204. 

HORROCKS, M., MARRA, M., BAISDEN, W., FLENLEY, J., FEEK, D., NUALART, L. G., HAOA-

CARDINALI, S. & GORMAN, T. E. 2013. Pollen, phytoliths, arthropods and high-resolution 

14 C sampling from Rano Kau, Easter Island: evidence for late Quaternary environments, 

ant (Formicidae) distributions and human activity. Journal of paleolimnology, 50, 417-432. 

HUNT, T. L. 2007. Rethinking Easter Island's ecological catastrophe. Journal of Archaeological 

Science, 34, 485-502. 

HUNT, T. L. & LIPO, C. P. 2006. Late colonization of Easter Island. Science, 311, 1603-1606. 

IRWIN, G. 2008. Pacific seascapes, canoe performance, and a review of Lapita voyaging with 

regard to theories of migration. Asian Perspectives, 47, 12-27. 

ISBELL, F., CRAVEN, D., CONNOLLY, J., LOREAU, M., SCHMID, B., BEIERKUHNLEIN, C., BEZEMER, T. 

M., BONIN, C., BRUELHEIDE, H. & DE LUCA, E. 2015. Biodiversity increases the resistance 

of ecosystem productivity to climate extremes. Nature, 526, 574-577. 

JAFFRÉ, T. 1993. The relationship between ecological diversity and floristic diversity in New 

Caledonia. Biodiversity Letters, 82-87. 

JONES, T. D., LAWSON, I. T., REED, J. M., WILSON, G. P., LENG, M. J., GIERGA, M., BERNASCONI, S. 

M., SMITTENBERG, R. H., HAJDAS, I., BRYANT, C. L. & TZEDAKIS, P. C. 2013. Diatominferred 

late Pleistocene and Holocene palaeolimnological changes in the Ioannina basin, 

northwest Greece. Journal of Palaeolimnology 49, 185–204. 

JUSTUS, J. 2007. Complexity, Diversity, and Stability. A Companion to the Philosophy of Biology. 

KAHN, J. G., DOTTE-SAROUT, E., MOLLE, G. & CONTE, E. 2015a. Mid-to Late Prehistoric Landscape 

Change, Settlement Histories, and Agricultural Practices on Maupiti, Society Islands 

(Central Eastern Polynesia). Journal of Island & Coastal Archaeology, 10, 363-391. 

KAHN, J. G., NICKELSEN, C., STEVENSON, J., PORCH, N., DOTTE-SAROUT, E., CHRISTENSEN, C. C., 

MAY, L., ATHENS, J. S. & KIRCH, P. V. 2015b. Mid- to late Holocene landscape change and 



Bibliography 

181 

 

anthropogenic transformations on Mo'orea, Society Islands: A multi-proxy approach. 

Holocene, 25, 333-347. 

KAHN, J. G. & SINOTO, Y. 2017. Refining the Society Islands Cultural Sequence: Colonisation Phase 

and Developmental Phase Coastal Occupation on Mo'orea Island. Journal of the 

Polynesian Society, 126, 33-60. 

KALFATAK, D. & JAENSCH, R. 2014. Directory of Wetlands of Vanuatu - 2014. Report to the 

Secretariat of the Pacific Regional Environment Program. 

KENNETT, D., ANDERSON, A., PREBBLE, M., CONTE, E. & SOUTHON, J. 2006. Prehistoric Human 

Impacts on Rapa, French Polynesia. Antiquity, 80. 

KEPPEL, G., LOWE, A. J. & POSSINGHAM, H. P. 2009. Changing perspectives on the biogeography 

of the tropical South Pacific: influences of dispersal, vicariance and extinction. Journal of 

Biogeography, 36, 1035-1054. 

KEPPEL, G., MORRISON, C., MEYER, J.-Y. & BOEHMER, H. J. 2014. Isolated and vulnerable: The 

history and future of Pacific Island terrestrial biodiversity. Pacific Conservation Biology, 

20, 136-145. 

KIER, G., KREFT, H., LEE, T. M., JETZ, W., IBISCH, P. L., NOWICKI, C., MUTKE, J. & BARTHLOTT, W. 

2009. A global assessment of endemism and species richness across island and mainland 

regions. Proceedings of the National Academy of Sciences, 106, 9322. 

KINGSFORD, R., WATSON, J. E., LUNDQUIST, C., VENTER, O., HUGHES, L., JOHNSTON, E., 

ATHERTON, J., GAWEL, M., KEITH, D. A. & MACKEY, B. 2009. Major conservation policy 

issues for biodiversity in Oceania. Conservation Biology, 23, 834-840. 

KIRCH, P. V. 1996. Late holocene human-induced modifications to a central Polynesian island 

ecosystem. Proceedings of the National Academy of Sciences of the United States of 

America, 93, 5296-5300. 

KIRCH, P. V. 1997. The Lapita Peoples: Ancestors of the Oceanic World, Oxford, Blackwell 

Publishers. 

KIRCH, P. V. 2000. On the road of the winds: an archaeological history of the Pacific islands before 

European contact, Berkeley, California, University of California Press. 



Bibliography 

182 

 

KIRCH, P. V. & ELLISON, J. 1994. Palaeoenvironmental evidence for human colonization of remote 

Oceanic islands. Antiquity, 68. 

KIRCH, P. V. & GREEN, R. C. 2001. Hawaii, Ancestral Polynesia: An Essay in Historical Archaeology. , 

Cambridge, Cambridge University Press. 

KLEYER, M., BEKKER, R., KNEVEL, I., BAKKER, J., THOMPSON, K., SONNENSCHEIN, M., POSCHLOD, 

P., VAN GROENENDAEL, J., KLIMEŠ, L. & KLIMEŠOVÁ, J. 2008. The LEDA Traitbase: a 

database of life‐history traits of the Northwest European flora. Journal of ecology, 96, 

1266-1274. 

KRESS, W. J. & KRUPNICK, G. A. 2022. Lords of the biosphere: Plant winners and losers in the 

Anthropocene. PLANTS, PEOPLE, PLANET, 4, 350-366. 

LAMONT, F. 1990. A 6,000 year pollen record from Mangaia, Cook Islands, South Pacific: Evidence 

for early human impact. BSc Honours thesis, University of Hull. 

LATHAM, M., HUGHES, P. J., HOPE, G. & BROOKFIELD, M. 1983. Sedimentation in the swamps of 

Lakeba and its implications for erosion and human occupation of the island. In: LATHAM, 

M. & BROOKFIELD, H. C. (eds.) The eastern islands of Fiji – a study of the natural 

environment, its use and man’s influence on its evolution. Paris: Travaux et Documents de 

l’ORSTOM. 

LEACH, H. M. & GREEN, R. C. 1989. New information for the Ferry Berth site, Mulifanua, western 

Samoa. The Journal of the Polynesian Society, 98, 319-329. 

LEEMING, R., BALL, A., ASHBOLT, N. & NICHOLS, P. 1996. Using faecal sterols from humans and 

animals to distinguish faecal pollution in receiving waters. Water research, 30, 2893-2900. 

LEPORI, F. & MALMQVIST, B. 2009. Deterministic control on community assembly peaks at 

intermediate levels of disturbance. Oikos, 118, 471-479. 

LINZ. 2019. LINZ Data Service [Online]. Available: https://data.linz.govt.nz/ [Accessed]. 

LIU, C., HE, D., CHEN, Y. & OLDEN, J. D. 2017. Species invasions threaten the antiquity of China's 

freshwater fish fauna. Diversity and Distributions, 23, 556-566. 



Bibliography 

183 

 

LLOYD, C. E. M., MICHAELIDES, K., CHADWICK, D. R., DUNGAIT, J. A. J. & EVERSHED, R. P. 2012. 

Tracing the flow-driven vertical transport of livestock-derived organic matter through soil 

using biomarkers. Organic Geochemistry, 43, 56-66. 

LOSOS, J. B. & RICKLEFS, R. E. 2009. Adaptation and diversification on islands. Nature, 457, 830-

836. 

LOTTER, A. F. & BIRKS, H. J. B. 1993. The impact of the Laacher See Tephra on terrestrial and 

aquatic ecosystems in the Black Forest, southern germany. Journal of Quaternary Science, 

8, 263-276. 

LOUGHLIN, N. J. D., GOSLING, W. D., COE, A. L., GULLIVER, P., MOTHES, P. & MONTOYA, E. 2018. 

Landscape-scale drivers of glacial ecosystem change in the montane forests of the eastern 

Andean flank, Ecuador. Palaeogeography, Palaeoclimatology, Palaeoecology, 489, 198-

208. 

LOWE, D. J. 2011. Tephrochronology and its application: a review. Quaternary Geochronology, 6, 

107-153. 

MACARTHUR, R. H. & WILSON, E. O. 1967. The Theory of Island Biogeography, Princeton 

University Press. 

MACPHAIL, M. K., HOPE, G. S. & ANDERSON, A. 2001. Polynesian plant introductions in the 

Southwest Pacific: initial pollen evidence from Norfolk Island. Records of the Australian 

Museum, Supplement, 27, 123–134. 

MAGURRAN, A. E., DORNELAS, M., MOYES, F., GOTELLI, N. J. & MCGILL, B. 2015. Rapid biotic 

homogenization of marine fish assemblages. Nature Communications, 6, 8405. 

MALLICK, D. 1975. Development of the New Hebrides archipelago. Philosophical Transactions of 

the Royal Society B, 272, 277-285. 

MALONEY, A. E., RICHEY, J. N., NELSON, D. B., HING, S. N., SEAR, D. A., HASSALL, J. D., LANGDON, 

P. G., SICHROWSKY, U., SCHABETSBERGER, R., MALAU, A., MEYER, J.-Y., CROUDACE, I. W. 

& SACHS, J. P. 2022. Contrasting Common Era climate and hydrology sensitivities from 

paired lake sediment dinosterol hydrogen isotope records in the South Pacific 

Convergence Zone. Quaternary Science Reviews, 281, 107421. 



Bibliography 

184 

 

MANN, D., EDWARDS, J., CHASE, J., BECK, W., REANIER, R., MASS, M., FINNEY, B. & LORET, J. 2008. 

Drought, vegetation change, and human history on Rapa Nui (Isla de Pascua, Easter 

Island). Quaternary Research, 69, 16-28. 

MARCONI, L. & ARMENGOT, L. 2020. Complex agroforestry systems against biotic 

homogenization: The case of plants in the herbaceous stratum of cocoa production 

systems. Agriculture, Ecosystems & Environment, 287, 106664. 

MARGALEF, O., ÁLVAREZ-GÓMEZ, J. A., PLA-RABES, S., CAÑELLAS-BOLTÀ, N., RULL, V., SÁEZ, A., 

GEYER, A., PEÑUELAS, J., SARDANS, J. & GIRALT, S. 2018. Revisiting the role of high-energy 

Pacific events in the environmental and cultural history of Easter Island (Rapa Nui). The 

Geographical Journal, 184, 310-322. 

MARGALEF, O., CORTIZAS, A. M., KYLANDER, M., PLA-RABES, S., CAÑELLAS-BOLTÀ, N., PUEYO, J. J., 

SÁEZ, A., VALERO-GARCÉS, B. L. & GIRALT, S. 2014. Environmental processes in Rano Aroi 

(Easter Island) peat geochemistry forced by climate variability during the last 70 kyr. 

Palaeogeography, palaeoclimatology, palaeoecology, 414, 438-450. 

MARTIN, A. C. & HARVEY, W. J. 2017. The Global Pollen Project: a new tool for pollen 

identification and the dissemination of physical reference collections. Methods in Ecology 

and Evolution, 8, 892-897. 

MASSAFERRO, J. & CORLEY, J. 1998. Environmental disturbance and chironomid palaeodiversity: 

15 kyr BP of history at Lake Mascardi, Patagonia, Argentina. Aquatic Conservation: Marine 

and Freshwater Ecosystems, 8, 315-323. 

MATISOO-SMITH, E. 2015. Ancient DNA and the human settlement of the Pacific: A review. 

Journal of Human Evolution, 79, 93-104. 

MATTHEWS-BIRD, F., BROOKS, S. J., GOSLING, W. D., GULLIVER, P., MOTHES, P. & MONTOYA, E. 

2017. Aquatic community response to volcanic eruptions on the Ecuadorian Andean flank: 

evidence from the palaeoecological record. Journal of Paleolimnology, 58, 437-453. 

MCCONKEY, K. R. & DRAKE, D. R. 2006. Flying foxes cease to function as seed dispersers long 

before they become rare. Ecology, 87, 271-6. 

MCCONKEY, K. R. & DRAKE, D. R. 2007. Indirect Evidence That Flying Foxes Track Food Resources 

among Islands in a Pacific Archipelago. Biotropica, 39, 436-440. 



Bibliography 

185 

 

MCCUNE, B., GRACE, J. B. & URBAN, D. L. 2002. Analysis of ecological communities, MjM software 

design Gleneden Beach, OR. 

MCKINNEY, M. L. 2006. Urbanization as a major cause of biotic homogenization. Biological 

Conservation, 127, 247-260. 

MCKINNEY, M. L. & LOCKWOOD, J. L. 1999. Biotic homogenization: a few winners replacing many 

losers in the next mass extinction. Trends in ecology & evolution, 14, 450-453. 

MCNAMARA, K. E. & PRASAD, S. S. 2014. Coping with extreme weather: communities in Fiji and 

Vanuatu share their experiences and knowledge. Climatic Change, 123, 121-132. 

MEEHAN, H. J., MCCONKEY, K. R. & DRAKE, D. R. 2002. Potential disruptions to seed dispersal 

mutualisms in Tonga, Western Polynesia. Journal of Biogeography, 29, 695–712. 

MEYERS, P. A. 1997. Organic geochemical proxies of paleoceanographic, paleolimnologic, and 

paleoclimatic processes. Organic Geochemistry, 27, 213-250. 

MICHELUTTI, N., LEMMEN, J. L., COOKE, C. A., HOBBS, W. O., WOLFE, A. P., KUREK, J. & SMOL, J. P. 

2015. Assessing the effects of climate and volcanism on diatom and chironomid 

assemblages in an Andean lake near Quito, Ecuador. Journal of Limnology, 75. 

MITROVICA, J. X. & MILNE, G. 2002. On the origin of late Holocene sea-level highstands within 

equatorial ocean basins. Quaternary Science Reviews, 21, 2179-2190. 

MODENUTTI, B. E., BALSEIRO, E. G., ELSER, J. J., NAVARRO, M. B., CUASSOLO, F., 

LASPOUMADERES, C., SOUZA, M. S. & DÍAZ VILLANUEVA, V. 2013. Effect of volcanic 

eruption on nutrients, light, and phytoplankton in oligotrophic lakes. Limnology and 

Oceanography, 58, 1165-1175. 

MONTOYA, E., MATTHEWS-BIRD, F., BROOKS, S. J. & GOSLING, W. D. 2021. Forests protect aquatic 

communities from detrimental impact by volcanic deposits in the tropical Andes 

(Ecuador). Regional Environmental Change, 21, 1-14. 

MOORE, P. D., WEBB, J. A. & COLLINSON, M. E. 1991. Pollen Analysis. , Oxford, Blackwell Scientific 

Publications. 

MOREL, A. C. & NOGUÉ, S. 2019. Combining contemporary and paleoecological perspectives for 

estimating forest resilience. Frontiers in Forests and Global Change, 2, 57. 



Bibliography 

186 

 

MOYANO, J., ESSL, F., HELENO, R., VARGAS, P., NUÑEZ, M. A. & RODRIGUEZ-CABAL, M. A. 2022. 

Diaspore traits specialized to animal adhesion and sea current dispersal are positively 

associated with the naturalization of European plants across the world. Ecography, 2022, 

e06423. 

MUELLER-DOMBOIS, D. 2008. Pacific Island Forests: Successionally Impoverished and Now 

Threatened to Be Overgrown by Aliens? Pacific Science, 303-308. 

MUELLER-DOMBOIS, D. & FOSBERG, F. R. Vegetation of the Tropical Pacific Islands.  Ecological 

Studies, 1998. 

MUGGEO, V. M. R. 2003. Estimating regression models with unknown break-points. Statistics in 

Medicine, 22, 3055-3071. 

NAKICENOVIC, N., DAVIDSON, O., DAVIS, G., GR\"U, B., ARNULF, KRAM, T., LA LEBRE ROVERE, E., 

METZ, B., MORITA, T., PEPPER, P. H., SANKOVSKI, A., SHUKLA, P., SWART, R., WATSON, R. 

& DADI, Z. 2000. IPCC Special Report: Emissions scenarios: Summary for policymakers, 

Genf, Intergovernmental Panel on Climate Change. 

NCBI. 2022. National Center for Biotechnology Information [Online]. Available: 

https://www.ncbi.nlm.nih.gov/taxonomy [Accessed 12th December 2022]. 

NÉMETH, K., CRONIN, S. J. & WHITE, J. D. 2007. Kuwae caldera and climate confusion. The Open 

Geology Journal, 1. 

NEUKOM, R., GERGIS, J., KAROLY, D. J., WANNER, H., CURRAN, M., ELBERT, J., GONZALEZ-ROUCO, 

F., LINSLEY, B. K., MOY, A. D. & MUNDO, I. 2014. Inter-hemispheric temperature variability 

over the past millennium. Nature climate change, 4, 362-367. 

NOGUÉ, S., DE NASCIMENTO, L., FROYD, C. A., WILMSHURST, J. M., DE BOER, E. J., COFFEY, E. E. 

D., WHITTAKER, R. J., FERNANDEZ-PALACIOS, J. M. & WILLIS, K. J. 2017. Island biodiversity 

conservation needs palaeoecology. Nature Ecology & Evolution, 1. 

NOGUÉ, S., SANTOS, A. M. C., BIRKS, H. J. B., BJÖRCK, S., CASTILLA-BELTRÁN, A., CONNOR, S., DE 

BOER, E. J., DE NASCIMENTO, L., FELDE, V. A., FERNÁNDEZ-PALACIOS, J. M., FROYD, C. A., 

HABERLE, S. G., HOOGHIEMSTRA, H., LJUNG, K., NORDER, S. J., PEÑUELAS, J., PREBBLE, M., 

STEVENSON, J., WHITTAKER, R. J., WILLIS, K. J., WILMSHURST, J. M. & STEINBAUER, M. J. 

2021. The human dimension of biodiversity changes on islands. Science, 372, 488. 



Bibliography 

187 

 

NORDER, S. J., DE LIMA, R. F., DE NASCIMENTO, L., LIM, J. Y., FERNÁNDEZ-PALACIOS, J. M., 

ROMEIRAS, M. M., ELIAS, R. B., CABEZAS, F. J., CATARINO, L., CERÍACO, L. M. P., CASTILLA-

BELTRÁN, A., GABRIEL, R., DE SEQUEIRA, M. M., RIJSDIJK, K. F., NOGUÉ, S., KISSLING, W. 

D., VAN LOON, E. E., HALL, M., MATOS, M. & BORGES, P. A. V. 2020. Global change in 

microcosms: Environmental and societal predictors of land cover change on the Atlantic 

Ocean Islands. Anthropocene, 30, 100242. 

NUNN, P. D. 2009. Geographical Influences on Settlement-Location Choices by Initial Colonizers: a 

Case Study of the Fiji Islands. Geographical Research, 47, 306-319. 

NUNN, P. D., KUMAR, L., ELIOT, I. & MCLEAN, R. F. 2016. Classifying Pacific islands. Geoscience 

Letters, 3. 

NUNN, P. D. & PELTIER, W. R. 2001. Far-Field Test of the ICE-4G Model of Global Isostatic 

Response to Deglaciation Using Empirical and Theoretical Holocene Sea-Level 

Reconstructions for the Fiji Islands, Southwestern Pacific. Quaternary Research, 55, 203-

214. 

O'CONNELL, J. F. & ALLEN, J. 2004. Dating the colonization of Sahul (Pleistocene Australia-New 

Guinea): a review of recent research. Journal of Archaeological Science, 31, 835-853. 

OKSANEN, J., KINDT, R., LEGENDRE, P., O’HARA, B., STEVENS, M. H. H., OKSANEN, M. J. & 

SUGGESTS, M. 2007. The vegan package. Community ecology package, 10, 719. 

OKSANEN, J. F., BLANCHET, G., FRIENDLY, M., KINDT, R., LEGENDRE, P., MCGLINN, D., MINCHIN, P. 

R., O'HARA, R. B., SIMPSON, G. L., SOLYMOS, P., HENRY, M., STEVENS, H., SZOECS, E. & 

WAGNER , H. 2020. vegan: Community  Ecology Package. R package version 2.5-7. 

OLDEN, J. D., POFF, N. L., DOUGLAS, M. R., DOUGLAS, M. E. & FAUSCH, K. D. 2004. Ecological and 

evolutionary consequences of biotic homogenization. Trends in ecology & evolution, 19, 

18-24. 

OLSON, S. L. & JAMES, H. F. 1982. Fossil Birds from the Hawaiian-Islands - Evidence for Wholesale 

Extinction by Man before Western Contact. Science, 217, 633-635. 

ORLÓCI, L., PILLAR, V. & ANAD, M. 2006. Multiscale analysis of palynological records: new 

possibilities. Community Ecology, 7, 53-67. 



Bibliography 

188 

 

OTTO, R., FERNÁNDEZ-LUGO, S., BLANDINO, C., MANGANELLI, G., CHIARUCCI, A. & FERNÁNDEZ-

PALACIOS, J. M. 2020. Biotic homogenization of oceanic islands depends on taxon, spatial 

scale and the quantification approach. Ecography, 43, 747-758. 

PANDEY, S. & HOLT, K. 2018. Modern pollen distribution and its relationship to vegetation from 

the south-western part of the Ganges-Brahmaputra Delta, India. Palynology, 42, 20-27. 

PANG, K. D. 1993. Climatic impact of the mid-fifteenth century Kuwae caldera formation, as 

reconstructed from historical and proxy data. Eos Trans. AGU., 74. 

PARKES, A. 1994. Holocene environment and vegetational change on four Polynesian islands. Ph.D 

Thesis, University of Hull. 

PARKES, A., TELLER, J. & FLENLEY, J. 1992. Environmental History of the Lake Vaihiria Drainage 

Basin, Tahiti, French Polynesia. 

PETCHEY, F., SPRIGGS, M., BEDFORD, S., VALENTIN, F. & BUCKLEY, H. 2014. Radiocarbon dating of 

burials from the Teouma Lapita cemetery, Efate, Vanuatu. Journal of Archaeological 

Science, 50, 227-242. 

PETEET, D., BECK, W., ORTIZ, J., O'CONNELL, S., KURDYLA, D. & MANN, D. 2003. Rapid vegetational 

and sediment change from Rano Aroi crater, Easter Island. In: LORET, J. & TANACREDI, J. 

T. (eds.) Easter Island. Scientific Exploration into the World's Environmental Problems in 

Microcosm. New York: Kluwer Academic/Plenum Publishers. 

PIMM, S. L. 1991. The Balance of Nature? Ecological Issues in the conesrvation of species and 

communities., Chicago, University of Chicago Press. 

PIPPARD, H. 2009. The Pacific islands: an analysis of the status of species as listed on the 2008 

IUCN Red List of Threatened Species. IUCN Regional Office for Oceania, Suva, Fiji. 

PLUMMER, C. T., CURRAN, M. A. J., VAN OMMEN, T. D., RASMUSSEN, S. O., MOY, A. D., VANCE, T. 

R., CLAUSEN, H. B., VINTHER, B. M. & MAYEWSKI, P. A. 2012. An independently dated 

2000-yr volcanic record from Law Dome, East Antarctica, including a new perspective on 

the dating of the c. 1450s eruption of Kuwae, Vanuatu. Climate of the Past Discussions, 8, 

1567-1590. 

POLE, S. F. 2014. Traditional Tongan Farming System: Past and Present. 



Bibliography 

189 

 

POLIAKOVA, A. & BEHLING, H. 2016. Pollen and fern spores recorded in recent and late Holocene 

marine sediments from the Indian Ocean and Java Sea in Indonesia. Quaternary 

International, 392, 251-314. 

POWO. 2022. Plants of the World Online, Royal Botanic Gardens Kew, Plants of the World Online. 

[Online]. Available: https://powo.science.kew.org/ [Accessed 9th December 2022]. 

PREBBLE, M. 2008. No fruit on that beautiful shore: What plants were introduced to the 

subtropical Polynesian islands prior to European contact? In: CLARK, G., LEACH, F. & 

O’CONNOR, S. (eds.) Islands of Inquiry. Colonisation, seafaring and the archaeology of 

maritime landscapes, . Canberra: ANU-E Press. 

PREBBLE, M., ANDERSON, A. & KENNETT, D. J. 2012. Forest clearance and agricultural expansion 

on Rapa, Austral Archipelago, French Polynesia. The Holocene, 23, 179-196. 

PREBBLE, M., ANDERSON, A. J., AUGUSTINUS, P., EMMITT, J., FALLON, S. J., FUREY, L. L., 

HOLDAWAY, S. J., JORGENSEN, A., LADEFOGED, T. N., MATTHEWS, P. J., MEYER, J.-Y., 

PHILLIPPS, R., WALLACE, R. & PORCH, N. 2019. Early tropical crop production in marginal 

subtropical and temperate Polynesia. Proceedings of the National Academy of Sciences, 

201821732. 

PREBBLE, M. & DOWE, J. L. 2008. The late Quaternary decline and extinction of palms on oceanic 

Pacific islands. Quaternary Science Reviews, 27, 2546-2567. 

PREBBLE, M., SIM, R., FINN, J. & FINK, D. 2005. A Holocene pollen and diatom record from 

Vanderlin Island, Gulf of Carpentaria, lowland tropical Australia. Quaternary Research, 64, 

357-371. 

PREBBLE, M., WHITAU, R., MEYER, J. Y., SIBLEY-PUNNETT, L., FALLON, S. & PORCH, N. 2016. 

Abrupt late Pleistocene ecological and climate change on Tahiti (French Polynesia). 

Journal of Biogeography, 43, 2438-2453. 

PREBBLE, M. & WILMSHURST, J. M. 2009. Detecting the initial impact of humans and introduced 

species on island environments in Remote Oceania using palaeoecology. Biological 

Invasions, 11, 1529-1556. 



Bibliography 

190 

 

PROST, K., BIRK, J. J., LEHNDORFF, E., GERLACH, R. & AMELUNG, W. 2017. Steroid Biomarkers 

Revisited - Improved Source Identification of Faecal Remains in Archaeological Soil 

Material. PloS one, 12, e0164882-e0164882. 

PÜTTKER, T., DE ARRUDA BUENO, A., PRADO, P. I. & PARDINI, R. 2015. Ecological filtering or 

random extinction? Beta-diversity patterns and the importance of niche-based and 

neutral processes following habitat loss. Oikos, 124, 206-215. 

PYŠEK, P. & RICHARDSON, D. M. 2006. The biogeography of naturalization in alien plants. Journal 

of Biogeography, 33, 2040-2050. 

R CORE TEAM 2017. R: A language and environment for statistical computing. R Foundation for 

Statistical Computing. Vienna, Austria. 

RAINBIRD, P. 1994. Prehistory in the Northwest Tropical Pacific - the Caroline, Mariana, and 

Marshall Islands. Journal of World Prehistory, 8, 293-349. 

RAOS, A. & MCPHIE, J. 2003. The Submarine Record of a Large-Scale Explosive Eruption in the 

Vanuatu Arc: ~1 Ma Efate Pumice Formation. Washington DC American Geophysical 

Union Geophysical Monograph Series, 273-283. 

RAPOSEIRO, P. M., HERNÁNDEZ, A., PLA-RABES, S., GONÇALVES, V., BAO, R., SÁEZ, A., SHANAHAN, 

T., BENAVENTE, M., DE BOER, E. J., RICHTER, N., GORDON, V., MARQUES, H., SOUSA, P. 

M., SOUTO, M., MATIAS, M. G., AGUIAR, N., PEREIRA, C., RITTER, C., RUBIO, M. J., 

SALCEDO, M., VÁZQUEZ-LOUREIRO, D., MARGALEF, O., AMARAL-ZETTLER, L. A., COSTA, A. 

C., HUANG, Y., VAN LEEUWEN, J. F. N., MASQUÉ, P., PREGO, R., RUIZ-FERNÁNDEZ, A. C., 

SANCHEZ-CABEZA, J.-A., TRIGO, R. & GIRALT, S. 2021. Climate change facilitated the early 

colonization of the Azores Archipelago during medieval times. Proceedings of the National 

Academy of Sciences, 118, e2108236118. 

RAVAZZI, C., MARIANI, M., CRIADO, C., GAROZZO, L., NARANJO-CIGALA, A., PEREZ-TORRADO, F. J., 

PINI, R., RODRIGUEZ-GONZALEZ, A., NOGUÉ, S., WHITTAKER, R. J., FERNÁNDEZ-PALACIOS, 

J. M. & DE NASCIMENTO, L. 2021. The influence of natural fire and cultural practices on 

island ecosystems: Insights from a 4,800 year record from Gran Canaria, Canary Islands. 

Journal of Biogeography, 48, 276-290. 

RICE, D. L. & HANSON, R. B. 1984. A kinetic model for detritus nitrogen:role of the associated 

bacteria in nitrogen accumulation. Bulletin of Marine Science, 35, 326–340. 



Bibliography 

191 

 

ROBERTS, N., EASTWOOD, W. J., LAMB, H. F. & TIBBY, J. C. 1997. The age and causes of mid-late 

Holocene environment change in southwest Turkey. . In: DALFES, H. N., KUKLA, G. & 

WEISS, H. (eds.) Third Millennium BC Climate Change and Old World Collapse. NATO ASI 

Series. 

ROBIN, C., MONZIER, M. & EISSEN, J.-P. 1994. Formation of the mid-fifteenth century Kuwae 

caldera (Vanuatu) by an initial hydroclastic and subsequent ignimbritic eruption. Bulletin 

of Volcanology 56, 170–183. 

ROSENBLAD, K. C. & SAX, D. F. 2017. A new framework for investigating biotic homogenization 

and exploring future trajectories: oceanic island plant and bird assemblages as a case 

study. Ecography, 40, 1040-1049. 

ROY, P. S. 1990. The morphology and surface geology of the islands of Tongatapu and Vava'u, 

Kingdom of Tonga, Committee for Co-ordination of Joint Prospecting for Mineral 

Resources in …. 

RSTUDIO TEAM 2015. RStudio: Integrated Development Environment for R. 

RULL, V. 2020. Paleoecological research on Easter Island: insights on settlement, climate changes, 

deforestation and cultural shifts, Elsevier. 

RULL, V., CANELLAS-BOLTA, N., MARGALEF, O., SAEZ, A., PLA-RABES, S. & GIRALT, S. 2015. Late 

Holocene vegetation dynamics and deforestation in Rano Aroi: Implications for Easter 

Island's ecological and cultural history. Quaternary Science Reviews, 126, 219-226. 

SAINTILAN, N., KHAN, N. S., ASHE, E., KELLEWAY, J. J., ROGERS, K., WOODROFFE, C. D. & HORTON, 

B. P. 2020. Thresholds of mangrove survival under rapid sea level rise. Science, 368, 1118. 

SALGADO, J., SAYER, C. D., BROOKS, S. J., DAVIDSON, T. A. & OKAMURA, B. 2018. Eutrophication 

erodes inter-basin variation in macrophytes and co-occurring invertebrates in a shallow 

lake: combining ecology and palaeoecology. Journal of Paleolimnology, 60, 311-328. 

SAND, C. 1997. The chronology of Lapita ware in New Caledonia. Antiquity, 71, 539-547. 

SAX, DOV F., GAINES, STEVEN D. & BROWN, JAMES H. 2002. Species Invasions Exceed Extinctions 

on Islands Worldwide: A Comparative Study of Plants and Birds. The American Naturalist, 

160, 766-783. 



Bibliography 

192 

 

SAYOL, F., COOKE, R. S. C., PIGOT, A. L., BLACKBURN, T. M., TOBIAS, J. A., STEINBAUER, M. J., 

ANTONELLI, A. & FAURBY, S. Loss of functional diversity through anthropogenic 

extinctions of island birds is not offset by biotic invasions. Science Advances, 7, eabj5790. 

SCHNEIDER, C. A., RASBAND, W. S. & ELICEIRI, K. W. 2012. NIH Image to ImageJ: 25 years of image 

analysis. Nature Methods, 9, 671-675. 

SEAR, D. A., ALLEN, M. S., HASSALL, J. D., MALONEY, A. E., LANGDON, P. G., MORRISON, A. E., 

HENDERSON, A. C. G., MACKAY, H., CROUDACE, I. W., CLARKE, C., SACHS, J. P., 

MACDONALD, G., CHIVERRELL, R. C., LENG, M. J., CISNEROS-DOZAL, L. M. & FONVILLE, T. 

2020. Human settlement of East Polynesia earlier, incremental, and coincident with 

prolonged South Pacific drought. Proceedings of the National Academy of Sciences, 

201920975. 

SHAW, J. D., SPEAR, D., GREVE, M., CHOWN, S. L. & FERNÁNDEZ-PALACIOS, J. M. 2010. Taxonomic 

homogenization and differentiation across Southern Ocean Islands differ among insects 

and vascular plants. Journal of Biogeography, 37, 217-228. 

SIMÉONI, P. 2009. Atlas du Vanouatou (Vanuatu), Port-Vila, Géo-consulte. 

SIMPSON, I. A., DOCKRILL, S. J., BULL, I. D. & EVERSHED, R. P. 1998. Early anthropogenic soil 

formation at tofts Ness, Sanday, Orkney. Journal of Archaeological Science, 25, 729-746. 

SINGH, K., BULE, L., KHAN, M. G. M. & AHMED, M. R. 2019. Wind energy resource assessment for 

Vanuatu with accurate estimation of Weibull parameters. Energy Exploration & 

Exploitation, 37, 1804-1832. 

SIWATIBAU, S., BANI, C. & KALOTAP, J. 1998. A community forestry survey of over twenty rural 

communities in Vanuatu for nineteen selected tree species. . Vanuatu, A report to the 

SPRIG Project. 

SJÖGREN, P., EDWARDS, M. E., GIELLY, L., LANGDON, C. T., CROUDACE, I. W., MERKEL, M. K. F., 

FONVILLE, T. & ALSOS, I. G. 2017. Lake sedimentary DNA accurately records 20th Century 

introductions of exotic conifers in Scotland. New Phytologist, 213, 929-941. 

SMART, S. M., THOMPSON, K., MARRS, R. H., LE DUC, M. G., MASKELL, L. C. & FIRBANK, L. G. 2006. 

Biotic homogenization and changes in species diversity across human-modified 

ecosystems. Proceedings of the Royal Society B: Biological Sciences, 273, 2659-2665. 



Bibliography 

193 

 

SMATHERS, G. A. & MUELLER-DOMBOIS, D. 1974. Invasion and Recovery of Vegetation after a 

Volcanic Eruption in Hawaii, National Park Service Science Monograph. Washington, DC. 

SOUTHERN, W. 1986. The Late Quaternary environmental history of Fiji. Unpublished PhD thesis, 

Australian National University. 

SPREP 2012. Pacific Environment and Climate Change Outlook. Apia: Secretariat of the Pacific 

Regional Environment Programme. 

SPRIGGS, M. 1997. The Island Melanesians, Oxford, Blackwell. 

STEADMAN, D. W. 1993. Biogeography of Tongan birds before and after human impact. 

Proceedings of the National Academy of Sciences of the United States of America, 818– 

822. 

STEADMAN, D. W. 1995a. Prehistoric Extinctions of Pacific Island Birds - Biodiversity Meets 

Zooarchaeology. Science, 267, 1123-1131. 

STEADMAN, D. W. 1995b. Prehistoric Extinctions of Pacific Island Birds: Biodiversity Meets 

Zooarchaeology. Science, 267, 1123-1131. 

STEADMAN, D. W., PREGILL, G. K. & BURLEY, D. V. 2002. Rapid prehistoric extinction of iguanas 

and birds in Polynesia. Proceedings of the National Academy of Sciences of the United 

States of America, 99, 3673-3677. 

STEVENSON, J. 2004. A late-Holocene record of human impact from the southwest coast of New 

Caledonia. Holocene, 14, 888-898. 

STEVENSON, J., BENSON, A., ATHENS, J. S., KAHN, J. & KIRCH, P. V. 2017. Polynesian colonization 

and landscape changes on Mo'orea, French Polynesia: The Lake Temae pollen record. 

Holocene, 27, 1963-1975. 

STEVENSON, J. & DODSON, J. R. 1995. Palaeoenvironmental evidence for human settlement of 

New Caledonia. Archaeology in Oceania, 30, 36-41. 

STEVENSON, J., DODSON, J. R. & PROSSER, I. P. 2001. A late Quaternary record of environmental 

change and human impact from New Caledonia. Palaeogeography Palaeoclimatology 

Palaeoecology, 168, 97-123. 



Bibliography 

194 

 

STEVENSON, J. & HOPE, G. 2005. A comparison of late Quaternary forest changes in New 

Caledonia and northeastern Australia. Quaternary Research, 64, 372-383. 

STEWART, R., NÉMETH, K. & CRONIN, S. 2010a. Is Efate (Vanuatu, SW Pacific) a result of subaerial 

or submarine eruption? An alternative model for the 1 Ma Efate Pumice Formation. Open 

Geosciences, 2, 306-320. 

STEWART, R. B., NÉMETH, K. & CRONIN, S. J. 2010b. Is Efate (Vanuatu, SW Pacific) a result of 

subaerial or submarine eruption? An alternative model for the 1 Ma Efate Pumice 

Formation. Central European Journal of Geosciences, 2, 306-320. 

STOCKMARR, J. 1971. Tables with spores used in absolute pollen analysis. Pollen et spores, 13, 

615-621. 

STRANDBERG, N. A., EDWARDS, M., ELLISON, J. C., STEINBAUER, M. J., WALENTOWITZ, A., FALL, P. 

L., SEAR, D., LANGDON, P., CRONIN, S., CASTILLA-BELTRÁN, A., CROUDACE, I. W., PREBBLE, 

M., GOSLING, W. D. & NOGUÉ, S. 2023a. Influences of sea level changes and volcanic 

eruptions on Holocene vegetation in Tonga. Biotropica. 

STRANDBERG, N. A., SEAR, D., LANGDON, P., CRONIN, S., LANGDON, C., MALONEY, A., BATEMAN, 

S., BISHOP, T., CROUDACE, I., LENG, M., SACHS, J., PREBBLE, M., GOSLING, W. D., 

EDWARDS, M. & NOGUÉ, S. 2023b. Island ecosystem responses to the Kuwae eruption 

and precipitation change over the last 1600 years, Efate, Vanuatu. Frontiers in Ecology 

and Evolution. 

SUGITA, S. 2007. Theory of quantitative reconstruction of vegetation I: pollen from large sites 

REVEALS regional vegetation composition. The Holocene, 17, 229-241. 

SUMMERHAYES, G. R., LEAVESLEY, M., FAIRBAIRN, A., MANDUI, H., FIELD, J., FORD, A. & 

FULLAGAR, R. 2010. Human Adaptation and Plant Use in Highland New Guinea 49,000 to 

44,000 Years Ago. Science, 330, 78-81. 

SUMMERHAYES, G. R., MATISOO-SMITH, E., MANDUI, H., ALLEN, J., SPECHT, J., HOGG, N., & 

MCPHERSON, S. 2010. Tamuarawai (EQS): An Early Lapita Site On Emirau, New Ireland, 

PNG. Journal of Pacific Archaeology, 1, 62-75. 

TAYLOR, F. W., FROHLICH, C., LECOLLE, J. & STRECKER, M. 1987. Analysis of partially emerged 

corals and reef terraces in the central Vanuatu Arc: Comparison of contemporary 



Bibliography 

195 

 

coseismic and nonseismic with quaternary vertical movements. Journal of Geophysical 

Research: Solid Earth, 92, 4905-4933. 

TELFORD, R. J., BARKER, P., METCALFE, S. & NEWTON, A. 2004. Lacustrine responses to tephra 

deposition: examples from Mexico. Quaternary Science Reviews, 23, 2337-2353. 

TERRY, J. P., GOFF, J., WINSPEAR, N., BONGOLAN, V. P. & FISHER, S. 2022. Tonga volcanic eruption 

and tsunami, January 2022: globally the most significant opportunity to observe an 

explosive and tsunamigenic submarine eruption since AD 1883 Krakatau. Geoscience 

Letters, 9, 24. 

THOMPSON, C. S. 1986. The climate and weather of Tonga. . New Zealand Meteorological Service 

Miscellaneous Publication 188. Wellington: New Zealand Meteorological Service. 

TINNER, W. & AMMANN, B. 2005. Long-term Responses of Mountain Ecosystems to 

Environmental Changes: Resilience, Adjustment, and Vulnerability. In: HUBER, U. M., 

BUGMANN, H. K. M. & REASONER, M. A. (eds.) Global Change and Mountain Regions: An 

Overview of Current Knowledge. Dordrecht: Springer Netherlands. 

TOLOSA, I., MESA, M. & ALONSO-HERNANDEZ, C. M. 2014. Steroid markers to assess sewage and 

other sources of organic contaminants in surface sediments of Cienfuegos Bay, Cuba. 

Marine Pollution Bulletin, 86, 84-90. 

TYSON, R. V. 1995. Sedimentary Organic Matter: Organic Facies and Palynofacies., London, 

Chapman and Hall. 

URRUTIA, R., ARANEDA, A., CRUCES, F., TORRES, L., CHIRINOS, L., TREUTLER, H. C., FAGEL, N., 

BERTRAND, S., ALVIAL, I., BARRA, R. & CHAPRON, E. 2007. Changes in diatom, pollen, and 

chironomid assemblages in response to a recent volcanic event in Lake Galletué (Chilean 

Andes). Limnologica, 37, 49-62. 

VAN MEERBEEK, K., JUCKER, T. & SVENNING, J.-C. 2021. Unifying the concepts of stability and 

resilience in ecology. Journal of Ecology, 109, 3114-3132. 

VAN STEENIS, C. G. G. J. 1979. Plant geography of east Malesia. Botanical Journal of the Linnean 

Society, 79, 97-178. 



Bibliography 

196 

 

VANUATU DEPARTMENT OF FORESTRY. 2021. Flora of Vanuatu [Online]. Available: 

https://pvnh.net/ [Accessed 2022]. 

VERON, S., MOUCHET, M., GOVAERTS, R., HAEVERMANS, T. & PELLENS, R. 2019. Vulnerability to 

climate change of islands worldwide and its impact on the tree of life. Scientific Reports, 9, 

14471. 

VINCENT, D. G. 1994. The South-Pacific Convergence Zone (Spcz) - a Review. Monthly Weather 

Review, 122, 1949-1970. 

VINCENT, E. M., LENGAIGNE, M., MENKES, C. E., JOURDAIN, N. C., MARCHESIELLO, P. & MADEC, G. 

2011. Interannual variability of the South Pacific Convergence Zone and implications for 

tropical cyclone genesis. Climate Dynamics, 36, 1881-1896. 

VIRAH-SAWMY, M., GILLSON, L. & WILLIS, K. J. 2009. How Does Spatial Heterogeneity Influence 

Resilience to Climatic Changes? Ecological Dynamics in Southeast Madagascar. Ecological 

Monographs, 79, 557-574. 

VITOUSEK, P. M. 2002. Oceanic islands as model systems for ecological studies. Journal of 

Biogeography, 29, 573-582. 

WALENTOWITZ, A., LENZNER, B., ESSL, F., STRANDBERG, N., BELTRÁN, Á. C., FERNÁNDEZ-

PALACIOS, J. M., BJÖRCK, S., CONNOR, S., HABERLE, S. G., LJUNG, K., PREBBLE, M., 

WILMSHURST, J. M., FROYD, C. A., BOER, E. J. D., NASCIMENTO, L. D., EDWARDS, M. E., 

STEVENSON, J., BEIERKUHNLEIN, C., STEINBAUER, M. J. & NOGUÉ, S. 2023. Long-term 

trajectories of non-native vegetation on islands globally. Ecology Letters. 

WALLIN, P. & MARTINSSON-WALLIN, H. 2010. The Gotland Papers. Selected Papers from the VII 

International Conference on Easter Island and the Pacific: Migration, Identity and Cultural 

Heritage. 

WANG, X., VAN DER KAARS, S., KERSHAW, P., BIRD, M. & JANSEN, F. 1999. A record of fire, 

vegetation and climate through the last three glacial cycles from Lombok Ridge core G6-4, 

eastern Indian Ocean, Indonesia. Palaeogeography, Palaeoclimatology, Palaeoecology, 

147, 241-256. 

WARD, J. V. 1988. Palynology of Kosrae, Eastern Caroline Islands: Recoveries from pollen rain and 

holocene deposits. Review of Palaeobotany and Palynology, 55, 247-271. 



Bibliography 

197 

 

WEIGELT, P., JETZ, W. & KREFT, H. 2013. Bioclimatic and physical characterization of the world’s 

islands. Proceedings of the National Academy of Sciences, 110, 15307-15312. 

WEIGELT, P. & KREFT, H. 2013. Quantifying island isolation – insights from global patterns of 

insular plant species richness. Ecography, 36, 417-429. 

WENGRAT, S., PADIAL, A. A., JEPPESEN, E., DAVIDSON, T. A., FONTANA, L., COSTA-BÖDDEKER, S. & 

BICUDO, D. C. 2018. Paleolimnological records reveal biotic homogenization driven by 

eutrophication in tropical reservoirs. Journal of Paleolimnology, 60, 299-309. 

WESTMAN, W. E. 1978. Measuring the inertia and resilience of ecosystems. BioScience, 28, 705-

710. 

WHISTLER, A. & ATHERTON, J. 2015. Rapid Biodiversity Assessment of the Vava’u Archipelago, 

Kingdom of Tonga. Secretariat of the Pacific Regional Environment Programme. In: 

ATHERTON, J., MCKENNA, S. & WHEATLEY, A. (eds.). Apia, Samoa. 

WHISTLER, W. A. 1992. Vegetation of Samoa and Tonga. Pacific Science, 46. 

WHITE, I. & FALKLAND, T. 2010. Management of freshwater lenses on small Pacific islands. 

Hydrogeology Journal, 18, 227-246. 

WHITLOCK, C. & LARSEN, C. 2001. Charcoal as a Fire Proxy. In: SMOL, J. P., BIRKS, H. J. B., LAST, W. 

M., BRADLEY, R. S. & ALVERSON, K. (eds.) Tracking Environmental Change Using Lake 

Sediments: Terrestrial, Algal, and Siliceous Indicators. Dordrecht: Springer Netherlands. 

WHITLOCK, C. & MILLSPAUGH, S. H. 1996. Testing the assumptions of fire-history studies: an 

examination of modern charcoal accumulation in Yellowstone National Park, USA. The 

Holocene, 6, 7-15. 

WHITTAKER, R. J., BUSH, M. B. & RICHARDS, K. 1989. Plant Recolonization and Vegetation 

Succession on the Krakatau Islands, Indonesia. Ecological Monographs, 59, 59-123. 

WHITTAKER, R. J. & FERNÁNDEZ-PALACIOS, J. M. 2007. Island biogeography: ecology, evolution, 

and conservation, Oxford University Press. 

WICKLER, S. & SPRIGGS, M. 1988. Pleistocene Human Occupation of the Solomon-Islands, 

Melanesia. Antiquity, 62, 703-706. 



Bibliography 

198 

 

WILLIAMS, J. W., GRIMM, E. C., BLOIS, J. L., CHARLES, D. F., DAVIS, E. B., GORING, S. J., GRAHAM, 

R. W., SMITH, A. J., ANDERSON, M. & ARROYO-CABRALES, J. 2018. The Neotoma 

Paleoecology Database, a multiproxy, international, community-curated data resource. 

Quaternary Research, 89, 156-177. 

WILLIS, K., BAILEY, R., BHAGWAT, S. & BIRKS, H. 2010. Biodiversity baselines, thresholds and 

resilience: testing predictions and assumptions using palaeoecological data. Trends in 

ecology & evolution, 25, 583-591. 

WILMSHURST, J. M., HUNT, T. L., LIPO, C. P. & ANDERSON, A. J. 2011. High-precision radiocarbon 

dating shows recent and rapid initial human colonization of East Polynesia. Proceedings of 

the National Academy of Sciences of the United States of America, 108, 1815-1820. 

WILMSHURST, J. M. & MCGLONE, M. S. 1996. Forest disturbance in the central North Island, New 

Zealand, following the 1850 BP Taupo eruption. The Holocene, 6, 399-411. 

WIRRMANN, D., EAGAR, S. H., HARPER, M. A., LEROY, E. & SEMAH, A. M. 2011. First insights into 

mid-Holocene environmental change in central Vanuatu inferred from a terrestrial record 

from Emaotfer Swamp, Efate Island. Quaternary Science Reviews, 30, 3908-3924. 

WIRRMANN, D., SEMAH, A. M. & CHACORNAC-RAULT, M. 2006. Late Holocene paleoenvironment 

in northern New Caledonia, southwestern Pacific, from a multiproxy analysis of lake 

sediments. Quaternary Research, 66, 213-+. 

WITTER, J. B. & SELF, S. 2007. The Kuwae (Vanuatu) eruption of AD 1452: potential magnitude and 

volatile release. Bulletin of Volcanology, 69, 301-318. 

WOODROFFE, C. D. 1983. The impact of cyclone Isaac on the coast of Tonga. Pacific Science, 37, 

181-210. 

WOODROFFE, S. A. & HORTON, B. P. 2005. Holocene sea-level changes in the Indo-Pacific. Journal 

of Asian Earth Sciences, 25, 29-43. 

WORLD-BANK. 2019. Population [Online]. Available: 

https://data.worldbank.org/indicator/SP.POP.TOTL [Accessed 28th July 2020]. 

WYRTKI, K. 1975. El Niño—The Dynamic Response of the Equatorial Pacific Oceanto Atmospheric 

Forcing. Journal of Physical Oceanography, 5, 572-584. 



Bibliography 

199 

 

XU, W.-B., BLOWES, S. A., BRAMBILLA, V., CHOW, C. F. Y., FONTRODONA-ESLAVA, A., MARTINS, I. 

S., MCGLINN, D., MOYES, F., SAGOUIS, A., SHIMADZU, H., VAN KLINK, R., MAGURRAN, A. 

E., GOTELLI, N. J., MCGILL, B. J., DORNELAS, M. & CHASE, J. M. 2023. Regional occupancy 

increases for widespread species but decreases for narrowly distributed species in 

metacommunity time series. Nature Communications, 14, 1463. 

 

 


	Table of Contents
	Table of Tables
	Table of Figures
	Research Thesis: Declaration of Authorship
	Acknowledgements
	Definitions and Abbreviations
	Chapter 1 Introduction
	1.1 Thesis aim
	1.2 Geography of the Pacific islands
	1.3 Biodiversity of the Pacific islands
	1.4 Pacific islands and environmental change 
	1.5 Human arrival on Pacific islands
	1.6 Detection of human occupation within sediment cores
	1.7 Past human impacts on island biodiversity
	1.8 Main abiotic drivers of change on Pacific islands
	1.8.1 Holocene climate change and cyclones
	1.8.2 Sea-level change during the Holocene
	1.8.3 Volcanism and tsunamis during the Holocene
	1.8.4 Ecosystem responses and similarity
	1.8.5 Ecosystem recovery, resilience, and resistance

	1.9 Outstanding questions
	1.10 Study setting
	1.11 Research questions

	Chapter 2 Influences of sea level changes and volcanic eruptions on Holocene vegetation change in Tonga.
	2.1 Abstract
	2.2 Introduction
	2.3 Methods
	2.3.1  Study sites
	2.3.2 Coring site at Ngofe Marsh on ‘Uta Vava’u Island
	2.3.3 Radiocarbon dating for Ngofe Marsh
	2.3.4 Palynomorph and charcoal extraction, identification, and counting
	2.3.5 Palaeoecological information of the additional pollen records
	2.3.6 Vegetation groupings
	2.3.7 Sediment and tephra analysis
	2.3.8 Tephra content and tephra shard geochemistry 
	2.3.9 Stratigraphic descriptions of sedimentary sequences.
	2.3.10 Holocene sea-level change 
	2.3.11 Statistical analysis

	2.4 Results
	2.4.1.1 Pollen assemblage zone one: 639–414cm (7440–4920 cal years BP):
	2.4.1.2 Pollen assemblage zone two: 414–206cm (4920–2040 cal years BP)
	2.4.1.3 Pollen assemblage zone three: 206–44 cm (2040–430 cal years BP)
	2.4.2 Tephra falls from volcanic eruptions
	2.4.3 Regional analyses of multiple pollen records from Tonga

	2.5 Discussion
	2.5.1 Regional trends and drivers of vegetation change
	2.5.2 Relative sea-level and direction of vegetation changes
	2.5.3 A summary of 7400 years of vegetation change at Ngofe Marsh, Uta Vava’u Island, Vava’u group
	2.5.4 Island size and vulnerability to relative sea level changes

	2.6 Conclusions
	2.7 Acknowledgements
	2.8 Author contributions

	Chapter 3 Island ecosystem responses to the Kuwae eruption and precipitation change over the last 1600 years, Efate, Vanuatu
	3.1 Abstract
	3.2 Introduction
	3.3 Materials and methods
	3.3.1 Site description
	3.3.2 Climate and regional vegetation
	3.3.3 The Kuwae eruption
	3.3.4 Human arrival and settlement
	3.3.5 Sample collection 
	3.3.6 Tephra analysis and dating
	3.3.7 Carbon-to nitrogen ratio 
	3.3.8 Pollen and spore analysis
	3.3.9 Charcoal analysis
	3.3.10 Chironomid analysis
	3.3.11 Zonation and ordination analyses 

	3.4 Results
	3.4.1 Tephra analysis
	3.4.2 Vegetation dynamics: pollen and spore zonation
	3.4.3 Chironomids
	3.4.4 Core stratigraphy, AP/NAP, and C/N dynamics
	3.4.5 Vegetation and chironomid turnover and Canonical correspondence analysis (CCA) 

	3.5 Discussion
	3.5.1 The impact of precipitation changes on terrestrial and lacustrine ecosystems
	3.5.2 The Kuwae eruption led to significant changes in vegetation diversity 
	3.5.3 Recent changes in fire regime

	3.6 Conclusion
	3.7 Acknowledgements
	3.8 Author contributions

	Chapter 4 Biotic homogenisation on South Pacific islands during the last 5000 years
	4.1 Abstract
	4.2 Introduction
	4.3 Methodology
	4.3.1 Study site
	4.3.2 Acquisition of pollen datasets
	4.3.3 Age-depth models
	4.3.4 Harmonisation of pollen datasets
	4.3.5 Statistical analyses

	4.4 Results
	4.5 Discussion
	4.5.1 Non-anthropogenic drivers of biotic homogenisation
	4.5.2 Biotic homogenisation linked to novel anthropogenic drivers
	4.5.3 Limitations and conclusions

	4.6 Acknowledgements
	4.7 Author contributions

	Chapter 5 Discussion and conclusions
	5.1 Overview 
	5.2 Research questions, answered
	5.2.1 What is the effect of relative sea-level fluctuations and volcanic eruption drivers on island vegetation change in Tonga? 
	5.2.2 What are the relative effects of the 1450s CE Kuwae eruption, ~1100 cal. years BP drying trend, and changing fire regime on vegetation?
	5.2.3 Have South Pacific islands plant communities become more similar or dissimilar during the past 5000 years? 

	5.3 Recovery, resilience, and resistance
	5.4 Limitations and future research
	5.5 Conclusions

	Appendix A Previous palaeoecological studies from the Pacific region
	Appendix B Supplementary information for chapter 2
	Appendix C Supplementary information for chapter 3
	Appendix D Supplementary information for chapter 4
	Appendix E Faecal biomarker extraction and data analysis
	E.1.1 Methodology
	E.1.2 Results and discussion

	Bibliography

