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Decline of recent seabirds inferred 
from a composite 1000-year record 
of population dynamics
Liqiang Xu1,2, Xiaodong Liu2, Libin Wu2, Liguang Sun2, Jinjun Zhao1 & Lin Chen3

Based on three ornithogenic sediment profiles and seabird subfossils therein from the Xisha Islands, 
South China Sea, the relative population size of seabirds over the past 1000 years was reconstructed 
using reflectance spectrum. Here we present an apparent increase and subsequent decline of seabirds 
on these islands in the South China Sea. Seabird populations peaked during the Little Ice Age (LIA, 
1400–1850 AD), implying that the cool climate during the LIA appears to have been more favorable 
to seabirds on the Xisha Islands in the South China Sea. Climate change partly explains the recent 
decrease in seabird populations over the past 150 years, but the significant decline and almost complete 
disappearance thereof on most of the Xisha Islands is probably attributable to human disturbance. Our 
study reveals the increasing impact of anthropogenic activities on seabird population in recent times.

Seabirds forage at sea and breed on land, delivering significant quantities of marine-derived nutrients and con-
taminants to terrestrial ecosystems1. Activities of seabirds such as Little Auks and Northern Fulmars in the Arctic 
resulted in the accumulation of guano, and significantly impacted on the properties of soil and lacustrine sed-
iments, as well as plant communities2–4. Similar processes have also been observed in coastal areas and islands 
worldwide5. Moreover, seabirds are quite sensitive to environmental changes and thus are an ideal indicator for 
variability in climatic systems6–8.

The Xisha Archipelago (Fig. 1) is a group of coral islands located in the central South China Sea, and was 
formed during the mid-late Holocene9 (last ~5000 years). It can be divided into two groups: the eastern Xuande 
Archipelago and the western Yongle Archipelago10. Seabirds play a central role in the dynamics of these coral 
island ecosystems, and studies of their ecology in the South China Sea will contribute to a greater understanding 
of the development of tropical insular ecosystems11. However, the influences of climatic or environmental changes 
on local seabirds are poorly understood to date. Moreover, as disturbances from human activities have become 
more frequent in recent years, the anthropogenic influence on fragile coral island ecosystems has drawn increas-
ing attention. A study by Braje and Erlandson demonstrated that humans accelerated extinction of animals and 
plants12. Indeed, human-environment interactions and ecosystem processes in the Anthropocene Era have been 
listed as priority research topics in palaeoecology13.

The Xisha Islands was once a renowned seabird colony, providing habitats for over 60 bird species, and also 
an important resting place for migratory birds14. Major Xisha seabird groups include Sulidae, Terns, Frigatebird 
and Ardeidae, with Red-footed booby (Sula sula) the dominant species14,15. Specifically, there are >​35500 pairs 
of Red-footed Boobies living on the Xisha Archipelago at present. This is approximately 10% of the world pop-
ulation for this species, rendering it the largest habitat for Red-footed Boobies in the Pacific and second largest 
in the world16. Plants on these islands, including shrubs and trees, in addition to sand grounds, provide habitats 
for those birds17. However, according to our field investigations in 2008 and 2015, birds have almost completely 
disappeared from these islands with the exception of Dongdao Island. Significant decline in seabirds has also been 
observed by other investigators. For example, it was found that the present number of seabirds on these islands 
has declined significantly compared to the year 192615. The population size of some species in the present day 
may be only 10% of their historical values, and colonies have been greatly reduced in size, or even eliminated16,18. 
However, the reason for decline on this scale is still unclear. Though few birds have been observed during field 
trips, large quantities of avian biological remains, e.g. guano, bones, eggshells, were found in the ornithogenic 
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sediments from the islands. Those materials provide specific insights into seabird ecology over the past 1000 
years.

Three sediment cores, ZS2, BD1 and CH, were retrieved from Zhaoshu, Beidao and Chenhang Islands in the 
Xisha Archipelago, respectively (Figs 1 and 2). In the present study, we attempt to reconstruct seabird population 
history on these islands during the last millennium, with the primary objective of decoding the possible relation-
ship among climate change, anthropogenic activity and seabird population dynamics.

Results
Chronology.  Both 210Pb and 14C dates were utilized to generate a Bayesian age-depth model of each profile 
using the Bayesian software Bacon19. Vertical distributions of excess 210Pb in the surface sediments of each profile 
are provided in Supplementary Fig. S1. A constant initial concentration (CIC) model was used to calculate 210Pb 
dates for profiles BD1 and ZS2, and a constant rate supply (CRS) model was employed for the age calculation of 
profile CH20. Using the dataset created by Reimer et al.21, the Accelerator Mass Spectrometry (AMS) 14C ages 
of bird bone samples were calibrated into Calendar Years Before Present (Cal BP). During calculation, ∆​R (the 
difference between the regional and global marine 14C age) was assumed as −​25 ±​ 20 yr, and the marine carbon 
component as 100%. Results of radiocarbon dating for the three sediment cores are given in Table 1. All the 
210Pb ages and AMS 14C calibrated dates and the chronology of the cores CH, ZS2 and BD1 are plotted in Fig. 3. 
According to the age models in Fig. 3, the cores span similar periods, and the sediments we collected were accu-
mulated within approximately the last 1000 years, which includes the whole Little Ice Age (1400–1850 AD).

Changes in seabird population over the last 1000 years.  According to both field investigation and 
laboratory analyses, the composition of the source materials of the ornithogenic coral sand sediments is very 
simple. Sediments in deeper parts of the cores are primarily composed of guano and coral sand, with little plant 
humus, while the surface layers consist mainly of guano, coral sand and plant residue11,22. The spectral properties 
of these three end members, i.e. guano, coral sand and plant residue, are quite different (Supplementary Fig. S2), 
and this enables the use of reflectance spectroscopy to reconstruct their ratios in the sediments. The spectral 
signal of samples is a mixture of the characteristic spectra of each endmember. Spectral mixing modeling can 
be employed to identify the contribution of pure guano spectra to the mixed spectra, allowing calculation of the 
percentage of guano in soils and sediments. Following Liu et al.23 and Xu et al.24, we used an interval of 0.01 and 
synthesized a total of 10 000 spectra curves, covering the guano, plant and coral sand proportions in the range 
from 0 to 100%. For each spectrum, we chose the percentage value with the lowest standard deviation as the best 
estimate of the guano proportion for the sample. Linear mixing modeling was employed to estimate the guano 
proportion in the ornithogenic samples of the CH, ZS2 and BD1 cores, and the relative changes in guano propor-
tion, or relative seabird population, versus time are plotted in Fig. 4a,b.

Figure 1.  Map of the study area showing sampling sites (modified from ref. 11). Cores CH, ZS2 and 
BD1 were collected from Chenhang (a), Zhaoshu (b) and Beidao (c) Islands (shaded area in each rectangle), 
respectively. Star in the map shows location of the Xisha Islands (d) in the South China Sea. Filled black circles 
represent locations of sampling sites. [Reprinted from Chemical Geology, 286(3), Xu, L. Q., Liu, X. D., Sun, L. 
G., Yan, H., Liu, Y., Luo, Y. H. & Huang, J. Geochemical evidence for the development of coral island ecosystem 
in the Xisha Archipelago of South China Sea from four ornithogenic sediment profiles, 135–145, Copyright 
(2011), with permission from Elsevier].
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Importantly, the three islands share an initial increase but subsequent decline in seabird populations over the 
last 1000 years. These historical changes in relative seabird abundance suggest that these populations may have 
been subject to the same environmental factor(s).

An assemblage of avian bio-elements in ornithogenic sediments is a reliable marker for seabird population11,25. 
However, in the case of surface sediments from the Xisha Islands, the seabird population size based on elemental 
analysis may be overestimated, due to plant development in recent times. Nutrient-rich guano has a sustainable 
ability to support vegetation via in situ nutrient cycling in the soil. It is likely that the development of vegetation 
has resulted in remigration of the bio-elements after their deposition, and these elements may be further enriched 
in humus in the surface sediments11,24. Nonetheless, our approach works well for sediments receiving little impact 
from vegetation. Concentration-versus-depth profiles of bio-elements P, Cu, Zn, Cd, As and Se in ZS2 profiles are 
plotted in Supplementary Fig. S3 and they show a broadly similar down-core distribution. We performed primary 

Figure 2.  Lithology of the profiles CH, ZS2 and BD1. Legend: 1 grey black humus, plant residues and 
medium to large size coral sands in the upper layer, a little bit guano and seabird bone remains; 2 light brown 
ornithogenic sediments, containing a lot of medium to large size coral sands, guano particles, bone remains and 
fish scales; 3 yellow to white coral sand sediment layer with low organic matter content, a few guano pellets and 
numerous calcareous bioclasts; 4 calcareous bioclasts; 5 bird and fish bones; 6 guano; 7 remains of plant leaf, 
stem and root; 8 fish scales.

Laboratory No Sample No Depth (cm) Conventional Age BP Cal BP (2σ) Lab

293508 CH1-26 37 620 ±​ 30 226–414 Beta Analytic

13880 CH1-38 55 740 ±​ 20 318–473 U of Georgia

13884 CH1-50 72 1260 ±​ 30 740–911 U of Georgia

21474 ZS2-14 13.5 500 ±​ 20 56–256 U of Georgia

21475 ZS2-23 22.5 710 ±​ 20 300–449 U of Georgia

21476 ZS2-32 31.5 980 ±​ 20 530–641 U of Georgia

21477 ZS2-42 43 1030 ±​ 20 554–670 U of Georgia

21478 ZS2-51 61 1040 ±​ 20 558–677 U of Georgia

21479 ZS2-58 75 1150 ±​ 20 660–778 U of Georgia

21456 BD1-32 31.5 560 ±​ 20 134–286 U of Georgia

21457 BD1-43 45 730 ±​ 20 311–464 U of Georgia

21458 BD1-52 63 760 ±​ 20 352–488 U of Georgia

21459 BD1-62 83 930 ±​ 20 503–617 U of Georgia

21461 BD1-74 107 1320 ±​ 20 799–953 U of Georgia

21462 BD1-81 130 1330 ±​ 20 810–966 U of Georgia

Table 1.   Results of radiocarbon analysis for bone samples from the three profiles.
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component analysis (PCA) on these bio-elements. These elements clustered into one group (Supplementary Fig. 
S4), and the first principle component (PC1) was identified as a proxy for seabird abundance. Generally, for 
those sediments where impact from plants was minor, the down-core record of relative seabird abundance from 
bio-elements was consistent with that obtained from spectrum analysis (Fig. 5). These results further support 
the premise that the changes in seabird guano proportion calculated from reflectance spectroscopy are a reliable 
record of historical seabird populations on the three islands.

From the seabird population records reconstructed by reflectance spectrum (Fig. 4a,b), it may be observed 
that seabird populations on the three islands over the last millennium exhibit some island-specific features. For 
example, the seabird population record for Beidao (BD1) shows a spike at approximately 1600 AD, while there is 
no clear equivalent in ZS2 or CH. Though the reason for this remains unclear, migration between islands might 
be a possible explanation, as Zhaoshu Island is only four kilometers away from Beidao Island. Despite such slight 
differences, the seabird population records on the three islands exhibit some markedly similar characteristics. In 
general, the overall occupation history of seabirds on the Xisha Islands over the past 1000 years shows an apparent 
increase and subsequent decline (Fig. 4a,b). The populations were relatively low during the period from 1000 to 
1400 AD, and peaked between 1400 to 1850 AD. The seabird populations indicated by ZS2 and BD1 have been 
declining since approximately the 1700s, while the CH data suggest an abrupt decrease in the seabird population 
beginning at around 1850 AD. This difference in onset of decline could be explained by ecological heterogeneity. 
There are arbors and shrubs on Chenhang Island, but the vegetation on Zhaoshu and Beidao Islands consists only 
of shrubs. The ecosystem of Chenhang Island is thus more stable and has a higher resilience to disturbance than 
the other two. Therefore, decline of seabirds on CH lagged behind that of ZS2 and BD1. In addition, historically 
there have been fewer fishermen on the Yongle Archipelago (where Chenhang island is located), than the Xuande 
Archipelago (where Zhaoshu and Beidao Islands are located), implying a stronger human impact on ZS2 and 
BD1. This may also have been responsible for the earlier decrease in seabird populations on Zhaoshu and Beidao 
Islands than on Chenhang Island.

Seabirds have almost disappeared from most of the islands now. Our recent study also revealed a rapid 
decrease in seabirds on a different island in the Xisha Archipelago in recent times26, implying a common pattern 
throughout the Xisha Islands. The recent decline in seabird ecology is consistent with our field observations: the 
number of seabird remains, i.e. bone, eggshell and guano particles, decreases abruptly in the surface samples. 
A decrease in seabird population was also observed by earlier investigations15,18,27, in good agreement with our 
reconstructed record.

Discussion
Impact of natural forces on seabird population.  On the whole, the number of seabirds on the Xisha 
islands was relatively low before 1300 AD, and exhibits a marked increase between 1300 and 1400 AD. The 
island ecosystems were initially fragile, and could not support a large number of birds. It is likely that the envi-
ronment of these islands between 1300 and 1400 AD became stable and suitable for seabird survival. This, in 
combination with a favorable climate, resulted in an increase in seabird population from 1300 to 1400 AD. The 
subsequent Little Ice Age (LIA) was a widespread global climate cooling event, and occurred in China and the 
Northern Hemisphere from approximately 1400 to1850 AD. The Earth surface temperature of both the northern 

Figure 3.  Bayesian age-depth models of the studied profiles ZS2, BD1 and CH by both 210Pb and 14C dates. 
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hemisphere28 and China29 during the LIA was at a lower level than at any time during the past two millennia 
(Fig. 4c,d). Our research suggests that the seabirds on the Xisha Islands were most abundant during the LIA, 
with a smaller seabird population during the comparatively warmer period prior to 1400 AD (Fig. 4a,b). Thus, 

Figure 4.  Comparison among long-term seabird population dynamics on the Chenhang, Zhaoshu and 
Beidao Islands and a variety of climatic records. Cited literature: (a) Historical seabird population records on 
the Zhaoshu and Beidao Islands (this study). (b) Historical seabird population record on the Chenhang Island 
(this study). (c) Standardized temperature record in China29 showing the relative amplitude of temperature 
change, but does not provide numerical values of temperature variation. (d) Temperature record (30-yr running 
average) in the northern hemisphere, and temperature anomalies are relative to the 1961–1990 average28. 
(e) East Asian summer monsoon record41. (f) Atmospheric sea-level pressure (SLP) record (Siberia High 
indicator)40. (g) Grain size-based historical rainfall record on the Xisha Archipelago42. (h) A SOI record from 
Yan et al.43 (i) solar forcing of the tropical pacific over the past 1000 years44.
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a relatively cool climate appears to be favorable for tropical seabirds on the Xisha Islands. This is in contrast to 
seabirds in Antarctica, where penguin population sizes were relatively large during warm periods25,30.

Climate changes could exert an indirect effect on seabird abundance by influencing ice coverage in polar 
regions, surface marine primary productivity or food availability. For example, climate change impacts retreat/
expansion of ice, which then influences penguin population and their distribution30–33. Direct effects of climate 
change on seabirds may also play a part in population shifts through changes in chick survival34. The Xisha 
Archipelago is located in a tropical area, however, so seabird population changes cannot be explained by changes 
in ice coverage. It may be inferred that seabird population growth and decline on the Xisha Islands are driven 
by different factors. A modern survey of the dominant seabird species of the Xisha Archipelago, the Red-footed 
Booby (Sula sula), showed that food availability was the primary factor in increasing breeding success16. Marine 
primary productivity determines the abundance of zooplankton and richness of a variety of prey for seabirds, 
ultimately influencing seabird population size. Both observed and simulated data have demonstrated that pri-
mary productivity in surface waters of the South China Sea is negatively correlated with sea surface temperature 
(SST)35,36. From their examination of Porites coral records, Wei et al.37 reported that the monthly summer SST 
in the Xisha Archipelago approximately 540 years ago (during the LIA) was ~1 °C lower than that at present. 
Consequently, the relatively low SST during the LIA might have generated a high surface primary productiv-
ity and sufficient food for seabirds, which in turn enhanced breeding success and ultimately supported more 
seabirds.

El Niño-Southern Oscillation (ENSO) is also an important influencing factor on seabird populations. 
According to Shiozaki and Chen36, the SST from 1997–2010 in the South China Sea was positively correlated 
with the El Niño 3.4 Index, and phytoplankton abundance was affected by the wind mixing intensity, which was 
determined by the ENSO teleconnection. Furthermore, Song et al. reported that high/low El-Niño frequencies 
corresponded to weakened/strengthened winter monsoons in the South China Sea38. For example, the El Ninõ 
years 1997–98 were marked by a weaker winter monsoon and significantly lower surface primary productivity in 
the South China Sea39. The high SST and weak winter monsoon during an ENSO weakens upwelling currents and 
reduces seawater mixing, thus interrupting nutrient cycling and reducing surface primary productivity. For exam-
ple, from the “Medieval Warm Period” (MWP ~ 800–1300 AD) to the LIA, the Siberian High, generally indicative 
of the East Asian winter monsoon, gradually strengthened40, in contrast with the weakening of the summer mon-
soon calculated from stalagmite δ​18 O41 (Fig. 4e,f). According to the reconstruction of multidecadal-scale rainfall 
and the Southern Oscillation Index (SOI) in the Xisha Archipelago (Fig. 4g,h), Yan et al.42,43 found the MWP 
was characterized by less rainfall and more El Niño-dominated conditions, whereas during the LIA, more La 
Niña-dominated conditions prevailed, corresponding to the peak period of seabird populations (Fig. 4a,b). This 
result suggests that the low El-Niño frequency during LIA was favorable for seabird breeding on the Xisha Islands.

Rainfall may also affect seabird population, as heavy precipitation can occasionally increase breeding failure of 
seabirds, for instance penguins34. However, the rainfall record reveals that the Xisha Islands received more precip-
itation, and the number of seabirds was relatively high, during the cool LIA. Unlike in Antarctica, shrubs and trees 
are abundant on the Xisha Islands. The wet conditions during the LIA would have favored plant development and 
thus increased habitat availability, facilitating seabird inhabitation.

Changes in solar irradiance of the tropical Pacific over the past 1000 years44 could be the ultimate controlling 
factor. Low irradiance during the LIA (Fig. 4i) induced a low temperature and a stronger East Asian winter mon-
soon. Those processes, in combination with low El-Niño frequency during the LIA, elevated marine productivity 
in the South China Sea and prey availability for seabirds. Though Chinese fishermen discovered the Xisha Islands 
more than 2000 years ago45, only a very limited number of people visited there seasonally. Significant impact from 
humans in the preindustrial period seems unlikely. In summary, seabird populations in this area before 1850 AD 
were principally controlled by natural factors.

Impact of human activity on seabird population.  The notable decrease in seabird numbers at ~1850 
AD (shown as arrows in Fig. 4a,b) to the lowest level identified in our research may be attributed in part to recent 
global warming. For example, the reconstructed SST data from Xisha Porites coral indicates that the late 20th 
century was warmer (by approximately 1 °C) than the early 20th century46. The recent increasing SST in the South 
China Sea generally corresponded to weaker winter monsoons. Based on coral records, winter monsoon wind 

Figure 5.  Comparison of reconstructed seabird population records by reflectance (shown as guano) and 
bio-elements (shown as PC1) for the profile ZS2. 
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velocity appears to have followed a persistently declining trend throughout the entire 20th century47,48. Moreover, 
Song et al.38 reported that 70.2% of El Niño events (from 1854 to 1996) occurred during the weak period of the 
winter monsoon. In accordance with historical trends, the recent increase in SST, decline in winter wind veloc-
ities and increase in El-Niño events should inevitably have caused a decline in seabird populations on the Xisha 
Islands.

Though climate change can partly explain the decrease in seabird population since 1850 AD, the most impor-
tant factor impacting on seabird population may have changed. In contrast to natural factors, the stress on ecosys-
tems from human disturbance has been direct and much more severe. Significant anthropogenic activities on the 
islands began in the mid-19th century, and humans have exerted an increasing impact on such islands since the 
beginning of the 20th century45,49. The sharp decline and almost complete disappearance of seabirds on the Xisha 
Archipelago over the past 150 years was more likely caused by significant and disruptive anthropogenic activity. 
This finding is supported by modern surveys of seabirds in the Xisha Archipelago by Cao et al.15, who suggested 
that the seabird numbers in 2003 and 2004 had declined greatly, as compared to 1926 levels, due to increasing 
human disturbance. These disruptive anthropogenic activities in the South China Sea island ecosystem may be 
summarized as follows:

Habitat destruction.  Large animals introduced into this area, i.e. cows, dogs, cats etc., have destroyed native veg-
etation on the islands. Human-introduced rodents, i.e. rats, have also been observed on the Xisha Islands by scien-
tists50, and this may further account for seabird population decline. At the same time, introduced plants, including 
Morinda citrifolia and Cocos nucifera (coconut palm), have caused strong interspecies competition with native 
plants, subsequently decreasing the availability of the dominant habitat of the Red-footed Boobies (Sula sula)  
on the Xisha Archipelago16. Furthermore, large-scale human activities, such as house construction, deforestation, 
guano mining and farming, have also destroyed substantial seabird habitat. In addition, egg collection by local 
fishermen in recent times may have proved fatal to bird survival. Habitat destruction may have affected seabirds 
on all the Xisha islands. However, Zhaoshu and Beidao Islands could have suffered greater human impact in 
history than Chenhang Island, as fewer fishermen have built houses on Yongle Archipelago than on Xuande 
Archipelago. This could also partly explain why the decrease in seabird population occurred earlier in ZS2 and 
BD1 than CH.

Long-term monitoring suggests that coral reefs have suffered a dramatic decline over the past 50 years, due to 
intense anthropogenic activities51. A study of coral reefs in Xisha also revealed a sharp decrease in both living and 
dead coral coverage52. This would have had a significant negative effect on the seabird habitat and on foraging in 
the South China Sea.

Overfishing.  As discussed above, lack of marine organism abundance significantly restricts seabird expan-
sion. Myers and Worm reported the rapid worldwide depletion of predatory fish communities53. They found 
that industrialized fisheries typically reduced community biomass by 80% within 15 years of exploitation, and 
estimated that large predatory fish populations in 2003 were at only approximately 10% of pre-industrial levels. 
Statistical data reveal that total production from marine fisheries in each of the eight Asian countries around the 
South China Sea has been increasing since 1950 AD54. A study by Christensen et al.55 also revealed a marked 
decline in fishery stock throughout the South China Sea, including the Xisha area, since 1960 AD. Though the 
number of some varieties of tern feeding on small fish may not have been affected by fishery activities, many pred-
atory seabird groups other than terns (Sulidae, frigatebirds, etc.), could have been affected by such human activity. 
At the same time, overfishing affects reproduction of fish, and may lead to continuous decline of fishery resources 
and recession of marine ecosystems. In addition, illegal and destructive fishing, such as the use of explosives, 
bottom trawling and cyanide fishing, would be fatal to fish of all sizes. This could also have led to a decrease in fish 
resources and the continued decline in seabird populations on these islands.

Pollution.  Both localized pollution on the islands and more general pollution of the marine environment have 
occurred. For example, some studies have suggested that soil and ground water in the Xisha Archipelago have 
been severely contaminated with heavy metals such as Cu, Pb, Hg, Ag and As56,57. This contamination may have 
threatened the ecological health of the island ecosystem and may also be responsible for the decline in seabird 
abundance. In addition, increasing growth of the Asian economy has resulted in the emission of a large number 
of heavy metals such as Hg and Pb, which has also led to increased pollution of the marine environment via 
large-scale atmospheric circulation. This part of heavy metals can be ultimately enriched in bird tissues through 
biomagnification, representing a potential threat to seabirds on the islands. For instance, Xu et al. reported that 
oceanic Hg was significantly enriched in eggshells and that eggshell Hg had increased over the past 700 years, in 
particular over the past two centuries, in this area58. Oil spills are another threat to birds, and Cao et al. found that 
some Red-footed Boobies in the Xisha Archipelago had died from oil pollution15. Overfishing and oceanic pollu-
tion could affect all the islands almost equally, due to a common foraging area among seabirds and the tendency 
for islands in the Xisha Archipelago to receive similar levels of heavy metal contamination, for example Hg57, and 
oil pollution15.

In summary, unprecedented human activities have significantly affected the independence and integrity of 
fragile coral island ecosystems. We believe that the sharp deterioration in seabird numbers in the Xisha Islands 
in the South China Sea over the past 150 years can be attributed primarily to the significant increase in recent 
anthropogenic activities.

The decline in seabirds on the Xisha Islands is not a unique case. Rawlence et al. have also reported dramatic 
population extinctions and range retraction for birds soon after human arrival on South Island, New Zealand59. 
A review of landbird extinctions in the Pacific Islands suggested a very high extinction rate after human coloni-
zation during the Late Holocene period12. Briefly, anthropogenic factors have impacted increasingly on seabird 
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population since 1850 AD. Human activity is, and will continue to be, the principal limiting factor for seabird 
populations on the Xisha Archipelago in the near future. The extinction risk of seabirds on the Xisha Islands is 
extraordinarily high, and special efforts are now required to protect birds on these tropical coral islets. The loss 
of seabirds in recent years has been significant, to the extent that the seabirds on the Xisha Archipelago may dis-
appear completely in the near future. We should now devote special efforts to biological conservation on these 
tropical coral islets in order to protect such birds.

Methods
Sample collection.  Three well-preserved ornithogenic sediments cores were collected from the Xisha 
Islands. Profile CH was retrieved from Chenhang Island in the Yongle archipelago in 2008; and cores ZS2 and 
BD1 were collected from Zhaoshu and Beidao Islands in the Xuande archipelago in 2015. The three profiles 
were collected from under woodland and shrubs on the islands, at locations given in Fig. 1. When sampling, we 
inserted 11 cm diameter PVC plastic gravity pipes into the soft substrate and then excavated sediments around 
the pipes to retrieve the cores. An overview of these three sediment profiles is given in Table 2. A large number of 
seabird/fish remains, including bones and guano pellets, were observed in the ornithogenic sediments. The CH 
profile was sectioned at intervals of 1–2 cm in situ, while cores ZS2 and BD1 were sectioned in the laboratory at 
intervals of 1 cm, and subsamples were then homogenized with a pestle and mortar, after being dried at a temper-
ature of 105 °C and passed through a 200-mesh sieve.

The lithology of the studied profiles is shown in Fig. 2. From this figure, it may be seen that the three cores have 
an almost identical lithology, and each of the profiles can be divided into three sediment units. There is an evident 
“guano layer” in each profile, which contains quantities of seabird remains, such as guano particles, eggshells and 
bones (Fig. 2). Above this guano layer, the sediments are composed of black humus and numerous plant remains, 
with few bird remains. In contrast, the sediments below the guano layer mainly consist of white coral sand, with 
only a few scattered guano pellets. Similar lithologies were observed in cores collected from the other four islands 
of the Xisha Archipelago, i.e. Ganquan, Guangjin, Jinqing and Jinyin Islands, as reported in our earlier study11. 
This similarity in lithology for cores collected from the different islands implies a common development process 
in the Xisha Archipelago.

Analytical methods.  The ornithogenic coral sand sediment was a mixture of three end members (coral 
sands, guano and plant residues). To reconstruct concentration-versus-depth profiles of guano, we analyzed the 
diffuse reflectance spectrum of each bulk sediment. The powdered sample was first packed into a measuring cell, 
and then the reflectance spectrum of each sample was acquired on a Shimadzu DUV-3700 UV-Vis-NIR recording 
spectrophotometer, by scanning from 380 to 2500 nm at intervals of 1 nm. Thus, 2 121 data points were obtained 
for a single spectrum. An external, reference standard polyethylene (zero absorbance) was read alternately with 
the samples. The resultant reflectance (r) data were then transformed to absorbance (log 1/r) data using UV. 
Prove software. Spectral analysis was performed at the Public Experimentation Center, University of Science 
and Technology of China. The spectral signal of ornithogenic sediments is a combination of the characteristic 
spectrum of each end member. Thus, a linear mixing modeling was performed to estimate the guano proportion 
in the ZS2, BD1 and CH ornithogenic samples24. A higher guano proportion indicated more seabirds occupying 
the island studied.

For comparison, we also determined levels of several elements, including Cu, Zn, Cd, P, As and Se in the bulk 
sediments. These elements have been identified as avian “bio-element” indicators for bird droppings in the Xisha 
Archipelago, and thus may be used to estimate changes in seabird populations11. The down-core distributions 
of the elements P, Cu, Cd, Zn, As and Se were determined for the profile ZS2. The concentrations of As, Se, Cu, 
Cd and Zn in the sediments were determined by inductively coupled plasma-mass spectrometry (ICP-MS) after 
digestion with multi-acids at ALS Chemex (Guangzhou) Co. Ltd., while the P level was determined by inductively 
coupled plasma-atomic emission spectrometry (ICP-AES) at the Institute of Polar Environment, University of 
Science and Technology of China.

Dating.  The chronology of each profile was established by both 210Pb dating and radiocarbon analysis. For 
210Pb analysis, the upper sediments of all the cores were dated using 210Pb activity measured by HPGE gamma 
spectrometry (manufactured by Ortec, USA), and the lower parts of the ZS2, BD1 and CH cores were dated 
using AMS 14C ages obtained from seabird bones. Specifics of the 210Pb test were reported in our earlier study22. 
Radiocarbon analyses of several bird bone samples in each profile were performed at Beta Analytic Inc., or the 
University of Georgia. The AMS 14C dates were then calibrated into Calendar Year Before Present (Cal BP), where 
the “present” is defined as 1950 AD. In the current study, we established the age models of the three cores using 
Bayesian analysis.

Island Core Location
Height above 
sea level (m)

Length × width 
(m × m) Area (km2) Profile code

Core length 
(cm)

Chenhang Island 16°27′​10.1″N, 
111°42′​34.0″E 5 315 ×​ 1050 0.33 CH 72

Zhaoshu Island 16°58′​39.9″​N, 
112°16′​15.5″​E 4.4 700 ×​ 400 0.20 ZS2 94

Beidao Island 16°57′​45.0″​N, 
112°18′​38.5″​E 8.2 1400 ×​ 250 0.26 BD1 137

Table 2.   Basic characteristics of the three islands and sediment profiles.
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