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Abstract The impact of penguins on vegetation cover is a
frequently documented but not fully explained phenome-
non, especially over geological time scales. To address this
we collected two ornithogenic sediment cores from Ardley
Island, Antarctica, and reconstructed historic variations of
penguin population and diVerent vegetations by using bio-
markers fecal sterols and n-alkanols in the cores. The three
major types of vegetations in the colony, namely copro-
philic algae, moss and lichen, exhibited quite diVerent
trends, in concert with Xuctuations in the penguin popula-
tions: a moderate penguin population is favorable for copr-
ophilic algae and mosses, while lichen abundances
decreased whenever penguin population increased, and vice
versa. Cholestanol and alkanols biomarkers, in combination
with bioelements, provided integrated information about
the 2,400-year evolution of the penguin colony: historical

penguins and vegetation populations, their Xuctuations, and
their interactions.

Introduction

Penguin colonies are a common and important biota in the
maritime Antarctic terrestrial ecosystems (Tatur and Myr-
cha 1989; Tatur et al. 1997), and co-occur with vegetation
dominated by algae, mosses and lichens (Tatur et al. 1997;
Sun et al. 2004a; Vidal et al. 2003). Penguins, as typical
“guano birds”, i.e. densely nesting, breeding in large colo-
nies, and depositing large amount of excreta at the nests,
may profoundly impact vegetation near their colonies
(Hutchinson 1950; Ellis 2005). Penguins manure the sur-
rounding vegetation through their eVect on the soils, and at
the same time they cause considerable physical distur-
bances such as trampling and uprooting of vegetation.

Most of the studies of the impact of seabirds on vegeta-
tion (Ellis 2005) are based on Weld observations of the spa-
tial distribution of bioelements and/or isotope data of soil
and plants (Hovenden and Seppelt 1995; Cocks et al. 1998;
Vidal et al. 2003; Michel et al. 2006); and long-term, con-
tinuous and quantitative data of penguin and vegetations
remain very limited. Tatur et al. (1997) studied the plant
colonization processes at several abandoned penguin rook-
eries. Sun et al. (2000) applied nine bioelements (such as F,
P and Cu), which are highly enriched in the sediments
inXuenced by penguin droppings, and reconstructed the his-
toric penguin populations (Sun et al. 2000).

In our previous study (Sun et al. 2004), we reported a
general, seesaw-like relationship between penguin colonies
and tundra vegetation using the bioelements and X-ray
photographs of the sediments on Ardley Island and Barton
Peninsula. However, plants near seabird colonies may have

J. Wang · L. Sun (&)
Institute of Polar Environment, University of Science 
and Technology of China, Hefei, 230026 Anhui, China
e-mail: slg@ustc.edu.cn

J. Wang
Key Laboratory of Global Change and Marine-Atmospheric 
Chemistry, Third Institute of Oceanography, State Oceanic 
Administration, Xiamen, 361005 Fujian, China

Y. Wang
NIH Chemical Genomics Center, 
National Institute of Health, Bethesda, MD 20892, USA

X. Wang
Guangzhou Institute of Geochemistry, Chinese Academy 
of Science, Guangzhou, 510640 Guangdong, China

X. Wang
Biogeochemistry Department, Max Planck Institute 
for Chemistry, 55128 Mainz, Germany
123



1476 Polar Biol (2007) 30:1475–1481
elemental and even isotopic compositions similar to those
of seabirds (e.g., Cocks et al. 1998; Xie and Sun 2003; Liu
et al. 2006); and the element proWles may not be suYciently
speciWc for the study of historic variation of penguins or
vegetation since bioelements in the sediments might come
from both penguins and vegetation.

In the present study, we used more speciWc organic
molecular markers to reconstruct the historical abundances
of penguins and vegetation and examined historic interac-
tions between penguins and vegetation.

Materials and methods

Sampling site

Ardley Island (62°13�S, 58°56�W) (maritime Antarctica)
(Fig. 1), 2.0 km in length, 1.5 km in width, is deWned as a
site of special scientiWc interest by ScientiWc Committee on
Antarctica Research (SCAR). There were about 10,000
penguins on the island in the breeding season of 1998; 70–80%
of the island was covered by three major vegetation types:
algae, mosses and lichens, around the penguin living area.

We collected two sediment cores Y2 (67.5 cm in length)
and its backup Y2-1 (60 cm in length) from a shallow lake
Y2 on the island, and both cores had a strong pungent odor
from penguin droppings. Y2 sediment core have been
shown to be ornithogenic as inferred by its proWle of

enriched bioelements (Sun et al. 2000), isotopes (Liu et al.
2006), HCl-soluble 86Sr/87Sr (Sun et al. 2005), and chitin-
ase genes (Xiao et al. 2005).

In this study, 14 samples of Y2-1 from depths of 0–1, 8–9,
14–15, 19–20, 20–21, 24–25, 30–31, 35–36, 41–42, 44–45,
45–46, 52–53, 55–56, and 59–60 cm were analyzed for
TOC, biomarkers and bioelements. As shown in our previ-
ous studies on the core Y2, bioelements have signiWcant
changes at these depths.

Sample analysis

Freeze-dried samples were Soxhlet extracted for 72 h with
2:1 dichloromethane/methanol. The extracts were concen-
trated by rotary evaporation and then saponiWed using
0.5 M KOH/MeOH. Neutral lipids were partitioned out of
the basic solution with hexane. The pH of the saponiWed
extract was then brought to 2 with 6 N HCl and acidic lip-
ids were extracted with 20% methylene chloride in hexane.
Acidic lipids were allowed to sit in the presence of anhy-
drous Na2SO4 overnight in order to remove traces of water.
Neutral lipids were further separated on 5% deactivated
silica gel column chromatography using solvents of
increasing polarity from hexane through methylene chlo-
ride. The fractions containing hydrocarbons (eluted with
hexane) and n-alkanols/sterols (eluted with methylene chlo-
ride) were collected separately. The alcohols and acids fraction
was treated with BSTFA (N,O-bis-trimethylsilyltriXuoroac-
etamide) to form trimethylsilyl (TMS)-ether derivatives.

The derivatives of alcohol fraction (including n-alkanols
and sterols derivates) were analyzed on an HP 5890 gas
chromatograph–mass spectrometer with a DB5 (50 m £
0.32 mm £ 0.25 �m) capillary column (J&W). Helium was
used as the carrier gas. The mass spectrometer was operated
in EI mode at 70 eV. The GC oven was programmed as fol-
lows: hold 2 min at 60°C, increase to 200°C at 10°C/min,
increase to 280°C at 3.5°C/min, hold 15 min at 280°C,
increase to 300°C at 1.5°C/min, and hold 30 min at 300°C.
Analysis was done in SCAN mode.

Gas chromatograph was conducted on an HP 5890 with
a splitless/split injector and a Xame ionization detector
(FID). The same column and temperature program as the
GC performance were used. Hydrogen was used as the car-
rier gas with a Xow rate of 2 ml/min. Organic biomarkers
were analyzed in State Key Laboratory of Organic Geo-
chemistry, Guangzhou Institute of Geochemistry, Chinese
Academy of Science (CAS).

Dating

The chronology of the sediment core Y2 was determined by
conventional radiocarbon dating and cosmogenic radioiso-
tope dating methods in Nanjing Institute of Geography and

Fig. 1 Map of location of Y2 Lake on Ardley Island. The bottom
Wgure is the enlargement of Ardley Island and the black areas showed
in the bottom Wgure are lakes. (From Liu et al. 2006)
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Limnology, Chinese Academy of Sciences (CAS). After
treatment with diluted HCl to remove possible carbonate
content, 14C measurement was conducted on organic car-
bon components by using a Quantalas-1220 liquid scintil-
lometer. The radiocarbon ages were reported as year BP

(years before 1950). The quoted errors in the dates are
based on the reproducibility of measurement. The chronol-
ogy was Wrstly reported by Sun et al. (2000), and the
method was detailed by Sun et al (2001). The chronologies
of Y2-1 and Y2 were assumed to be the same: the distance
between them was less than 0.5 m and their elemental pro-
Wles are similar.

Results

The concentration-versus-depth proWles of TOC and bioel-
ements in the sediment core Y2-1 are shown in Fig. 2. The
levels of bioelements and TOC are signiWcantly correlated
with each other, and they are consistent with those of Y2
(Sun et al. 2000; Sun and Xie 2001). This was expected as
Y2-1 was essentially the replicate of Y2 and indicated that

Y2-1 was also signiWcantly impacted by penguin drop-
pings.

Key ion m/z 215 was selected to analyzed sterols and m/
z 103 for n-alkanols. The alcohols in Y2-1 were mainly
cholestanol (5�-cholestan-3�-ol), phytol and cholesterol
(cholest-5-en-3�-ol). Epicoprostanol (5�-cholestan-3�-ol),
coprostanol (5�-cholestan-3�-ol), and even carbon number
predominant alkanols were also detected but in relatively
lower levels (Fig. 3).

Molecular markers for penguin feces

Cholesterol, cholestanol, coprostanol and epicoprostanol
are the common fecal sterols in animal and birds’ feces, and
they have been used as biomarkers of fecal contamination
(Murtaugh and Bunch 1967; Leeming et al. 1996; Bull
et al. 2002). Cholesterol made up 98% of the total sterols in
fresh penguin guano (Venkatesan 1989), and cholestanol is
the main product of microbially mediated reduction of
cholesterol in sediments (Murtaugh and Bunch 1967;
Hatcher and McGillivary 1979). Normally the concentra-
tions of cholestanol were very low in sediments, and much

Fig. 2 ProWles of TOC and 
bioelements of Core Y2-1. The 
proWles are similar to each other 
except on the surface of the 
sediment, and to those of Core 
Y2
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lower than those of cholesterol (e.g., Fernandes et al. 1999;
Bull et al. 1999).

In Y2-1, the concentrations of cholestanol (up to 260 �g/g)
were very high and many times of those of cholesterol, and
their proWles were signiWcantly correlated (R2 = 0.956,
P < 0.001). Such striking similarity indicates that choles-
terol and cholestanol were from the same sources.

In Antarctica organic matters in sediments tend to be
well preserved due to very low temperature and weak sun-
light (Beyer et al. 1995); furthermore, sterols usually have a
long geological record for their comparative stable struc-
tures (Volkman 1986). In Core Y2-1 only one sterane, the
decomposition product of sterols, cholest-2-ene (examined
by M/Z 213, 215 and 217), was detected in the hydrocarbon
fraction, and its highest concentration was only 0.5 �g/g,
negligible as compared with the concentrations of cholesta-
nol (maximum 260 �g/g), so we think the decomposition of
the sterols can be ignored here.

Considering that Y2-1 was signiWcantly impacted by
penguin droppings, cholestanol in Y2-1 was most likely
derived from penguin droppings via the hydrogenation of
cholesterol; and cholestanol and cholesterol could be good
biomarkers for penguins’ fecal inXuence or penguin popu-
lation.

Molecular markers for diVerent vegetations

As shown in Fig. 4, the proWles of even carbon numbered
alkanols (C16–C30) in Y2-1 have three distinct patterns: the
Wrst pattern is represented by C16, C18 and C20, the second
by C22, C24, and C26, and the third by C28 and C30. Fatty alk-
anols come from the epicuticular waxes of vegetation, and
they have been used to distinguish diVerent types of vegeta-
tion. In general, algae have n-alkanol distributions domi-
nated by C16–C22, mosses by C22–C26, and terrestrial plants
by C26, C28 and C30 (Meyers 2003).

On Ardley Island, coprophilic algae, mosses and lichens
are three major plants, and their abundances are consistent
with their characteristics as summarized in Table 1 and cor-
related with the levels of corresponding fatty alkanols.

Coprophilic algae are the Wrst thin, green algae growing
spontaneously on the uncovered guano surface (Tatur et al.
1997). As shown in Fig. 5, the abundance of nC16-ol and
nC18-ol varied closely with that of cholestanol and choles-
terol and thus penguin population. Mosses are the dominant
plants in the surface sediments around Lake Y2; and in the
core Y2-1, nC24-ol and nC26-ol are the only increasing
alkanols in the surface sediments (Fig. 4). On Fildes Penin-
sula, the peninsula next to Ardley Island (Fig. 1), C24 and
C26 n-alkanols have been used as biomarkers for mosses
(Zhang et al. 2000). Lichens can live with minimum
amount of nutrition (Friedmann 1982, Friedmann and
Weed 1987); and more nutrition is unfavorable for its
growth due to physical disturbances from larger penguin
population. At the depth 36 cm, where fecal sterols decreased
to an undetectable level and the climate seemed not favorable
for penguins, only nC28-ol and nC30-ol increased.

Based upon the characteristics of coprophilic algae,
mosses, lichens, and the distinct proWles of alkanols in Y2-1,
C16–C20, C22–C26 and C28–C30 n-alkanols were used in this
study as biomarkers for coprophilic algae, mosses and
lichens, respectively.

Discussion

Historic changes of penguins and vegetations
The proWles of fecal sterols (cholestanol and choles-

terol), n-alkanols, TOC and F in Y2-1 are given in Fig. 5.
They provide a historic record of both penguins and plants,
over the past 2,400 years. For convenience of discussion,
we divided the past 2,400 years into Wve periods mainly
according to the Xuctuations of biomarkers and bioele-
ments.

Period I (2,340–1,800 y BP): corresponding to the Neo-
glaciation Age (Ingolfsson et al. 1998; Yoon et al. 2002).
Concentrations of F, TOC and all biomarkers were all low,
indicating a low penguin population and poor vegetation.

Period II (1,800–1,360 y BP): penguin population
increased to a high level, and vegetation stayed at low levels

Fig. 4 ProWles of n-alkanols in 
Y2-1 (�g/g). The proWles form 
three distinct patterns: 1 C16, C18 
and C20 alkanol; 2 C22, C24 and 
C26 n-alkanol; 3 C28, and C30  
n -alkanol. According to these 
patterns and characteristics of 
the vegetation on Ardley Island, 
we suggested that these three 
distinct patterns represent copro-
philic algae, mosses and lichens, 
respectively
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in spite of short-term Xuctuations in penguin population.
The short-term Xuctuation in penguin population seemed to
have no material eVect on vegetation abundance.

Period III (1,360–700 y BP): at Wrst along with the
decline of penguin population, coprophilic algae decreased,
mosses increased, and lichens reached a peak level. The
increase of penguin population after that promoted the
growth of coprophilic algae and mosses, but further
increase seemed to have negative eVect on both vegeta-
tions. Lichens decreased sharply with the increase of pen-
guin population.

Period IV (700–400 y BP): the reduction in the penguin
population caused the decrease of coprophilic algae and
mosses, but lichens increased.

Period V (400 y BP-present): corresponding to the sur-
face sediment, except TOC and C26 n-alkanol, the levels of
all other bioelements and biomarkers decreased. This is
consistent with the observations of the present Y2 Lake:
mass mosses are abundant and there are no penguins living
there.

Comparison between biomarkers and bioelements

Elemental analysis of lake sediments usually focuses on
inorganic and lithological characters such as mineral com-
position and grain size. Bioelements are diVerent; they
come from bioaccumulation by biota, animals or vegeta-
tion; and they have been applied as proxies for historical

population of penguins (Sun et al. 2000), seals (Sun et al.
2004b), and other seabirds (Liu et al. 2006). Sea animals
and seabirds, including penguins, are more capable of accu-
mulating bioelements than vegetations. Penguins live very
densely in their colonies, and are the dominant sources of
bioelements.

The main advantage of bioelements as proxies is their
stability after deposition. Bioelements, however, do have a
number of drawbacks. First, some bioelements, such as Ca
and Ba, could be from local soil and rock. Second, bioele-
ments, could come from both animals and vegetation. For
example, F content is very high at 14,725 and 2,285 �g/g
(Xie and Sun 2003), respectively, in both penguin guano
and mosses on Ardley Island. Thus reconstruction of histor-
ical sea animal populations by bioelements alone could be
inaccurate.

Molecular markers, or biomarkers, are quite distinct from
inorganic bioelements. In the sediment core Y2-1, as shown
in Fig. 5, the proWles of biomarkers showed some signiWcant
diVerences from those of bioelements. First, biomarkers,
particularly cholestanol, after peaking in period II, dropped
back to and rose from a near-zero value several times,
whereas TOC and bioelements, after peaking in period II,
Xuctuated and stayed at a relatively high level. For example,
at 36 cm (ca. 1,220 y BP) of Y2-1, the concentration of
cholestanol was undetectable, the same as in period I
(2,300–1,800 y BP); but the concentration of F was 4,280 �g/g,
far above that in the bottom of period I (60 cm 604 �g/g).

Fig. 5 ProWles of biomarkers and bioelements in Y2-1. Dark area showed the most obvious diVerences between fecal sterols, TOC, and F in the
sediment core

Table 1 Characteristics and 
alkanol proxies of the vegetation 
around penguin colony on 
Ardley Island

Vegetation Living environment Distance from 
active penguin 
rookeries

Abundance in the 
surface sediment

Alkanol 
proxies 
deducedNutrition Humidity

Coprophilic alga High Wet Near Few C16, C18, C20

Moss Medium Wet Middle Mass C22, C24, C26

Lichen Low Dry Far Few C28, C30
123



1480 Polar Biol (2007) 30:1475–1481
Second, the penguin populations as indicated by sterols
Xuctuated more frequently and intensively than those by
bioelements (for example, periods II and IV), and they are
consistent with recent Weld observations of penguin popula-
tions in Antarctica. For example, the number of emperor
penguins at Pointe Géologie archipelago, Terre Adélie,
declined by 50% because of a decrease in adult survival
during the late 1970s; and the biggest decline occurred
between 1975 and 1982 with the number of penguins
dropped from about 6,000 pairs (1975) to 3,000 pairs
(1982) (Barbraud and Weimerskirch 2001). The breeding
population of Adélie penguin in the Ross Sea increased
from about 1,000 pairs (1979) to 4,000 pairs (1989) (Crox-
all et al. 2002).

Third, most of the diVerences between the proWles of
bioelements and biomarkers occurred when the penguin
population was not high and vegetation was abundant
(Fig. 5). This again indicates that bioelements, unlike bio-
markers, come from both vegetation and penguins.

Fecal sterols (cholestanol and cholesterol), as molecular
markers or biomarkers, have a single and speciWc source of
penguin droppings, and they provide more accurate, more
sensitive and higher resolution information about historical
penguins populations than bioelements.

Evolution of the ecosystem: penguins and vegetations

The relationship between animals and vegetation is critical
for studying an ecological system and its evolution. Antarc-
tic ecosystems are simpler than those on other continents,
and a good understanding of the relationship between
penguins and vegetation in the simple penguin colony will
be helpful for understanding other and more complex eco-
systems.

The long temporal and quantitative record of penguin
population, vegetation abundance, and their relationship, as
recorded in the Y2-1 sediment core, is consistent with the
common distribution pattern of vegetation around active
penguin rookeries and with the generally observed
sequence of vegetation at abandoned penguin rookeries:
beginning with ornithocoprophilic or nitrophilic species
and ending with nitro-neutral communities (Tatur et al.
1997).

To a large degree the consistencies were controlled by
the balance between the nutrient requirements of the vege-
tation and the availability of soil nutrient provided by pen-
guins.

1. Coprophilic algae depended more upon nutrient input
from penguin guano than mosses; they are found near-
est to penguin rookeries among the three major vegeta-
tion types. Hence their abundances varied almost
immediately with penguin population changes.

2. Moss depended less on soil nutrition, so its abundance
around Y2 Lake was less sensitive to penguin popula-
tion changes.

Moderate penguin population seemed to be favorable for
both coprophilic algae and mosses since they supply suY-
cient nutrients from penguin without too much physical dis-
turbance like tramping.

3. In contrast, lichens can live in the most arid soil or
even on stones in Antarctica (Friedmann 1982, Fried-
mann and Weed 1987), and manuring would not ben-
eWt their growth. The decrease of penguin population
coming with the cooling climate (like the time corre-
sponding to 36 and 15 cm in the cores) might result in
less physical disturbances from penguins and more liv-
ing spaces for lichens. So the relationship between
lichens and penguins was mainly seesaw like: lichen
abundance decreased when penguin population
increased, and vice versa.

By using fecal sterols and three distinct alkanol biomarkers,
we reconstructed the historical penguins and vegetations
abundances in a penguin colony of Antarctic for the past
2,400 years. The long temporal relationship between pen-
guin population and vegetation abundance is consistent
with the spatial distribution pattern of vegetation around
active penguin rookeries and the generally observed time
sequence of vegetations at abandoned penguin rookeries.
Penguins play a dominant role in this simple ecosystem,
and the abundance of diVerent vegetations is mainly con-
trolled by their dependence upon the nutrition provided by
penguins.
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