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Abstract

The visible reflectance spectroscopy (VRS) and chlorophyll a concentration
were determined in three sediment profiles collected from East Antarctica
to investigate the potential application of VRS in reconstructing historical
changes in Antarctic lake primary productivity. The results showed that the
appearance of a trough at 650-700 nm is an important marker for chlorophyll
a concentration and can therefore be used to distinguish the sedimentary
organic matter source from guano and algae. The measured chlorophyll a
content had significant positive correlations with the trough area between 650
and 700 nm, and no distinct trough was found in the sediments with organic
matter completely derived from guano. Modelling results showed that the
spectra spectrally inferred chlorophyll a content, and the measured data exhibit
consistent trends with depth, showing that the dimensionless trough area can
serve as an independent proxy for reconstructing historical fluctuations in the
primary production of Antarctic ponds. The correlation of phosphorus (P) with
measured and inferred chlorophyll a contents in ornithogenic sediments near
penguin colonies indicates that the change in primary productivity in the
Antarctic ponds investigated was closely related to the amount of guano input

from these birds.

Polar regions are sensitive to global environmental
changes, and they are important sites for studying
palacoecology and palaeoclimatology at different spatial
and temporal scales. Lacustrine sediments from lakes
in ice-free areas of Antarctica, with relatively high re-
solution and continuity are ideal materials for reconstruct-
ing palacoenvironmental records (Hodgson et al. 2001;
Squier et al. 2002; Hodgson et al. 2004; Liu et al. 2007).
Sedimentological and geochemical studies of lake sedi-
ments from Polar regions are especially helpful in recon-
structing palaeoclimate and palaeoecology (Hodgson et al.
2004; Liu et al. 2007). In palaeolimnological studies,
traditional proxies such as organic matter, biogenic silica,
pigments and other bio-geochemical indicators are widely
used to indicate change in lake primary productivity, but
the chemical analyses for these indices are generally time-
consuming and relatively expensive (Foley et al. 1998; Liu
et al. 2011). Additionally, logistical constraints in remote

Antarctic areas mean that the samples are always insuffi-
cient for multiple chemical analyses in the laboratory.
A faster, more efficient and economical method is needed
to facilitate the reconstruction of palaeoproductivity in
Polar lakes and to improve our understanding of the
effects of climate change on lake ecology.

Reflectance spectroscopy is a technology that allows
rapid estimates of chemical composition based on the
optical properties of different kinds of organic matter
(Kooistra et al. 2001; Pasquini 2003; Font et al. 2004;
Wolfe et al. 2006). Recently, near-infrared reflectance
spectroscopy has been widely considered as an impor-
tant method for compositional analysis of various chemi-
cal constituents in soil, sediment and biological samples
(Korsman et al. 1992; Nilsson et al. 1996; Korsman et al.
1999; Font et al. 2004; Cohen et al. 2005; Das et al. 2005;
Michelutti et al. 2005; Wolfe et al. 2006; Michelutti, Blais,
Cumming et al. 2010; Liu et al. 2011). Visible reflectance
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spectroscopy (VRS) has been successfully used in the
study of palaeoproductivity changes in Arctic lakes
because of its cost-effective and non-destructive features
(Das et al. 2005; Michelutti et al. 2005). For example,
Michelutti et al. (2005) found that the trough area of a
reflectance spectrum around 675 nm has a linear relation-
ship with chlorophyll a content in Arctic lake sediments,
and they inferred that the primary productivity of Arctic
lakes increased with global warming. In the laboratory,
the corresponding relation between trough area around
675 nm and chlorophyll a concentration has been further
confirmed by the simulation method (Das et al. 2005;
Wolfe et al. 2006). Additionally, nutrients derived from
animal excrement can impact the structure and function
of local ecosystems, particularly in remote polar areas
(Polis et al. 1997). In the Arctic, previous studies have
showed that seabird activity can greatly increase lake
primary productivity and influence the lake ecosystem
(Michelutti, Blais, Cumming et al. 2010; Michelutti, Blais,
Mallory etal. 2010). Up to now, VRS has been widely used
in the rapid reconstruction of historical changes in lake
and pond productivity and trophic status in high-latitude
Arctic lakes (Das et al. 2005; Wolfe et al. 2006; Das 2007;
Michelutti, Blais, Cumming et al. 2010; Trachsel et al.
2010). However, this technology has not yet been applied
to Antarctic lakes.

The study reported upon here serves as a compara-
tive study in an Antarctic region with extreme climatic
conditions. VRS and chlorophyll a concentrations were
analysed in three sediment profiles from the Ross Sea
region, East Antarctica. The influence of penguin guano
on the investigated lakes and ponds was also considered.

Study area and sample collection

We collected sediment samples from Ross Island and
Beaufort Island in the Ross Sea area (Fig. 1). The Ross
Seais a deep bay of the Southern Ocean in Antarctica. This
region receives the influence from land, sea and ice shelf,
making it highly sensitive to climate change. The weather
in this region is severe due to the conjunction of three
different air masses from Victoria Land, Ross Sea and
Ross Ice Shelf (Monaghan et al. 2005). With an area about
2460 km?, Ross Island is a volcanic island and lies across
the McMurdo Sound from Victoria Land. Capes Crozier,
Bird and Royds are three ice-free areas on this island.
Capes Bird and Royds are on the west coast and Cape
Crozier is on the eastern side of Ross Island (Broady 1989).
A large number of Adélie penguin (Pygoscelis adeliae)
rookeries are located at all three areas, forming one of
the largest concentrations of this species in Antarctica.
Beaufort Island (ca.18.4 km?), located 21 km north of Ross
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Island, is also occupied by many breeding Adélie penguins
at the eastern and southern ends of the island. In addition
to the modern penguin colonies, numerous abandoned
penguin colonies also exist in the study areas, allowing for
palaeoecological investigations (Emslie et al. 2003; Emslie
& Woehler 2005; Emslie et al. 2007). Freshwater algae and
cyanobacteria are widely distributed among ponds and
catchments near the penguin colonies. The weather here
is typically cold and dry, with low precipitation.

MB4 and MB6 protiles were collected from Cape Bird
and BI from Beaufort Island (Fig. 1). Core MB4 was
collected in a small dry pond between the fourth and fifth
beach ridge (166° 22" 25.6“ E, 77° 14’ 35.3” S), near
abandoned penguin colonies in the middle part of Cape
Bird. The profile MB6 (38 cm) was sampled from the
catchment on the second terrace of the modern penguin
colony on the north side of Cape Bird. Core BI (20.5 cm)
was excavated from a small lake near the modern
penguin colony on the south-west side of Beaufort Island.
Both MB4 and MB6 profiles were sectioned in the field,
at intervals of about 0.8 and 0.6 cm, respectively. BI was
transported to the laboratory in a PVC plastic gravity pipe
and then sectioned at 0.5 cm intervals. Observations
made in the field and laboratory indicate that all of
the sediment profiles are influenced by the penguin
droppings, and some algae remains were found in the
sediment samples. The lithologic characteristics of the
three sediment profiles are shown in Fig. 3, and more
detailed information has been reported previously by Nie
et al. (2012) and Liu et al. (2013).

Materials and methods

Spectral reflectance data of each sample were obtained
using a Solid Spec-3700 UV-VIS-NIR Recording Spectro-
photometer (Shimadzu, Kyoto, Japan). Prior to spectral
analysis, sediment subsamples were air-dried and ground
in a mortar, and then passed through a 0.074-mm sieve.
About 3 g dried and powdered sample was packed into a
measuring cell and scanned over 380-2500 nm at 1 nm
intervals.

The chlorophyll a concentration of sediment samples
was analysed using high-performance liquid chroma-
tography coupled with atmospheric pressure chemical
ionization mass spectrometry. Chlorophyll a was extracted
and analysed following the method of Leavitt & Hodgson
(2001). The frozen sediment samples were freeze—dried
and the pigment was extracted with an acetone—methanol
mixture (80:20 v:v) at —20°C for 24 h in the dark. Next,
the extracts were purified by filtration through a 0.22-pm-
pore-size filter and washed with 1 mL fresh acetone. The
solution was then combined and freeze—dried. Before
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Fig. 1 Map of East Antarctica showing the sampling sites.

analysis, these freeze-dried samples were diluted to
a constant volume with methanol. Chromatographic
conditions: 35 min gradient elution programme used a
solvent system consisting of pure water (containing 0.1%
formic acid; mobile phase A), acetone and acetonitrile
(volume ratio 1:10; mobile phase B) at a flow rate of
0.2 mL min~'. All solvents were degassed using ultra-
sound and helium. Liquid chromatography—mass spectro-
metry settings are as follows: capillary temperature 150°C,
atmospheric pressure chemical ionization vaporizer tem-
perature 450°C, discharge current 5 pA, sheath gas flow
rate of 45 arbitrary units. The chlorophyll a standard
was supplied by Sigma-Aldrich (St. Louis, MO, USA).
Phosphorus (P) concentration was determined using
an Optima 2100DV inductively coupled plasma—optical
emission spectrometer (PerkinElmer, Waltham, MA, USA)
after being treated with the HCIO4~HNO5;-HCI-HF mix-
ture, and the relative standard deviation (RSD) was
within 2%.

Results and discussion

Characteristics of reflectance spectra

Typical reflectance spectra of sediments, lake algae and
penguin guano produced spectral curves of variable
shapes and their reflectance intensity values are also
remarkably different (Fig. 2a). An obvious reflection
trough between 650 and 700 nm in the spectral curves
was observed in most samples except for the guano and
the top sediment samples in the MB6 profile (e.g., MB6-02).
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This exception is attributed to strong chlorophyll a
absorption in the red portion of the electromagnetic
spectrum around 675 nm (Rundquist et al. 1996; Datt
1999; Carrere et al. 2004; Das et al. 2005; Wolfe et al.
2006). Some absorption values at 1500, 1900, 2000
and 2200-2400 nm can be identified for all the spectral
curves. The values near 1500 and 1900 nm are associated
with water and hydroxyl absorption, and the absorption
features between 2000 and 2400 nm are generally related
to various organic matter components (Butkute &
Slepetiene 2004; Liu et al. 2011). For instance, some
studies have shown that the features at 2310 and 2350 nm
are associated with C-H combination bands of lipids
(Morén & Cozzolino 2004; Cozzolino & Morén 2006;
Liu et al. 2011); the one at 2058 nm is related to the N-H
bond of proteins (Osborne et al. 1993). Organic matter
and moisture are the most important factors affecting
reflectance in sediments and soils (Malley 1997; Lobell
& Asner 2002; Rosén 2005). Here, all the sediment
samples were dried and powdered before analysis. There-
fore, organic matter content is likely the main controll-
ing factor for the reflectance intensity of the sediment
samples. Indeed, some studies have documented that
organic matter was one of the most significant factors
affecting the reflectance intensity, and the intensity
difference may reflect the change of organic matter level
in lacustrine sediments (Kooistra et al. 2001; Butkuté
& Slepetieneé et al. 2004; Chen et al. 2011; Rouillard et al.
2011). The organic matter in all the analytical samples
was mainly derived from penguin guano and lake algae
residue. Spectral analysis of these two environmental
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Fig. 2 Typical reflectance spectra curves of algae, guano and sediment samples, as well as the calculation method of trough area at 650-700 nm by
Wolfe et al. (2006). MB6-02 and MB6-40 are the sediment samples collected at depths of 1.2 and 24 cm in the MB6 profile, respectively. BI-01 is sampled

at a depth of 0.5 cm in the BI profile.

media samples was significantly different. An obvious
trough between 650 and 700 nm was not found in the
penguin guano, but it can be clearly observed in the lake
algae samples (Fig. 2a), suggesting that the appearance
of a trough at 650-700 nm is an important marker for
distinguishing the organic matter source. For example, the
trough was not found at 650-700 nm in the spectral curve
of the MB6-02 sample, indicating that the main source of
organic matter was not from algae. This result is consistent
with the lithological characteristics of the MB6 sediment
profile.

After the death of algae growing in lakes or ponds,
pigments from the algae will be deposited and preserved
for a long time in the sediments, leaving a record of the
original aquatic plants. Therefore, the sedimentary pig-
ment concentrations such as chlorophyll a at different
depths can be used to reconstruct historical changes
in lake primary productivity (Leavitt & Hodgson 2001;
Michelutti et al. 2005; Wolfe et al. 2006). Because
determining pigment concentrations is generally time-
consuming and costly, some studies have attempted to use
reflectance spectroscopy as a rapid technique to assess the
content of chlorophyll g in sediments (Das et al. 2005;
Wolfe et al. 2006; Das 2007; Michelutti, Blais, Cumming
et al. 2010). The results showed that the relative level of
sedimentary chlorophyll a in sediments can be measured
through calculating the dimensionless trough area be-
tween 650 and 700 nm. Using the method of Wolfe et al.
(2006), we calculated the dimensionless trough area
between 650 and 700 nm in all the spectral curves of
the East Antarctic pond sediments that we collected. The

schematic diagram of the trough area calculation (Fig. 2b)
illustrates the trough area between 650 and 700 nm.

Trough area at 650-700 nm and chlorophyll a
concentration in the sediments

According to the calculation of trough area at 650-700
nm, the changes of trough area values in the BI, MB6
and MB4 sediment profiles with depth as well as levels
of chlorophyll 4 in the sediments displayed very similar
change patterns (Fig. 3). The chlorophyll a concentration
and trough area in the BI profile exhibits a gradually
increasing trend from the bottom to the surface sediment
samples. In the samples below 15 c¢cm, both chlorophyll
a and trough area reached their lowest values; relatively
high values were observed in the sediments at about
11 cm; and then the obviously low values occurred at
5 c¢m; the peaks of chlorophyll a and trough area were
present in the surface sediments. In the MB6 sediment
profile, chlorophyll a and trough area values increased
gradually from the bottom to the upper layers, where
they reached the remarkably high levels at 27-33 cm.
After that they decreased sharply to the lowest level at
around 20 cm depth. Both chlorophyll a and trough area
values in the sediment samples above 20 cm are close to
zero, indicating an extremely low productivity recorded
in this sediment layer. In fact, all of the sediment samples
in the top 20 cm have the similar reflectance spectral
curves as the sample of MB6-02 mentioned above, and
the trough at 650-700 nm is not obvious, suggesting that
the aquatic algae cannot be the main source of organic
matter in the MB6 samples above 20 cm. One possible
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Fig. 3 Changes of 650-700 nm trough area, measured and inferred chlorophyll a concentrations and P levels in the BI, MB4 and MB6 sediment profiles.

reason for this is that there are few aquatic plants
growing in this pond because it was dry at that time.
In the MB4 sediment profile, relatively low values of
chlorophyll @ and trough area appeared below 35 cm
depth, and then increased gradually from 35 to 15 cm.
After that, these values began to decrease and reached
the lowest levels at a depth of 5-15 cm, indicating that

Citation: Polar Research 2013, 32, 19932, http://dx.doi.org/10.3402/polar.v32i0.19932

the pond primary productivity was relatively low during
the deposition of this sediment layer.

Correlation analysis showed that the reflectance
trough area (650—-700 nm) and the measured chlorophyll
a concentration displayed a significant positive relation-
ship (correlation coefficients [r] =0.91 [n =40, p <0.01],
0.80 [n=40, p <0.01], 0.86 [n=29, p<0.01] in the
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sediment profiles of B, MB4 and MB6, respectively). related to the sample selection in the model calculation,
Following the method of Michelutti and co-workers the lake environment and specific sediment components.
(Michelutti, Blais, Cumming et al. 2010), we developed Since organic matter is one of the most important factors
a prediction model for trough area and chlorophyll controlling the reflectance in the sediments, different
a level based on 32 sediment samples from the three organic matter sources (e.g., guano and algae) and the
sediment profiles. Our model showed a significant rela- lithologic features may affect the spectra curves of the
tionship between measured chlorophyll a and the trough samples in BI, which could lead to the large deviation
area between 650 and 700 nm (r=0.79, p <0.0001; between inferred and measured chlorophyll a concentra-
Fig. 4). The sedimentary chlorophyll a content can be tions. Considering this point, we suggest that VRS can
inferred by the following equation (Fig. 4): only be used as a semi-quantitative method to rapidly

assess relative change of chlorophyll a concentration in
Antarctic pond sediments. To obtain precise chlorophyll

Applying this model, we inferred chlorophyll a con- a content in the sediments, it is necessary to perform
centration in the three lacustrine sediment profiles chemical analysis.

Chlorophyll a = 0.7472 x trough areagsy 70onm + 7-8534 (1)

(Fig. 3). The trough area at 650-700 nm, and measured

and inferred chlorophyll a concentrations in BI, MB4 and . . . .
Effect of seabird droppings input on East Antarctic

MB6 profiles displayed very similar change trends when
P pay Y 8 lake primary productivity

plotted against depth, indicating that the reflectance

trough area between 650 and 700 nm can be used to According to the principle of biological geochemistry,
rapidly assess the change of chlorophyll a concentration lake phytoplankton biomass is closely associated with
in the sediments and the historical primary productivity climate, photosynthesis and lake nutrient level (Wang &
in the Antarctic ponds. The absolute values of inferred Liu 2000). Some studies have shown that the nutrient
and measured chlorophyll a concentrations seemed elements such as N and P are important limiting factors for
to not be completely identical, although their change aquatic plants in oligotrophic Antarctic and Arctic lakes,
patterns are highly consistent (Fig. 3). There are small and allochthonous inputs into lake water may cause
differences between measured and inferred chlorophyll a eutrophication and thus the increase of phytoplankton
concentrations in all the sediment profiles, except in BI. biomass (Hawes 1983; Blais et al. 2005; Keatley et al.
Average values of measured and inferred chlorophyll a 2009; Michelutti, Blais, Cumming et al. 2010). Nutrient
concentrations in the MB6 and MB4 profiles are 52.4 transport by migratory animals generally plays an im-

and 48.6 ug g~ ' (RSD =5%), and 40.1 and 56.9 ug g ' portant role in the development of ecosystems (Anderson
(RSD =24%), respectively. However, there is a large & Polis 1999; Farifia et al. 2003; Blais et al. 2007; Hannan

difference between the inferred and measured chloro- et al. 2007). The nutrient subsidies derived from animal
phyll a concentrations in the BI profile, and the inferred excrements can impact the ecosystem structure and
values are significantly lower than the measure ones function, particularly in remote islands (Polis et al. 1997;

(Fig. 3). Considerable deviation in the BI profile may be Michelutti et al. 2008).

160
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Fig. 4 Modelling relationship between the trough area at 650-700 nm and the measured chlorophyll a concentrations for the 32 samples from the
three sediment profiles.
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Penguins are the most important seabirds in Antarctica
as they are widely distributed and play a key role linking
Antarctic inland, freshwater lakes and ponds, intertidal
and marine ecosystems (Shen et al. 1999). The input of
penguin guano provides necessary inorganic nutrients N
and P for the growth of algae in lake and pond ecosystems,
increasing primary productivity. Changes in P content in
ornithogenic sediments can be used to track the amount
of guano input and can then be related to seabird
populations (Sun et al. 2000; Liu et al. 2006; Huang
et al. 2009). Changes of P content plotted against depth
in the ornithogenic BI, MB6 and MB4 sediment profiles
(Fig. 3) show similar patterns to chlorophyll a concentra-
tions. As discussed above, chlorophyll a is present in all
phytoplankton and often used as an indicator of phyto-
plankton biomass. Here, we performed correlation ana-
lyses between P and measured chlorophyll a content,
and inferred chlorophyll a values in the BI, MB6 and
MB4 profiles. The significantly positive correlations of P
with measured and inferred chlorophyll a (Fig. 5) suggest
that the input of penguin guano caused the increase of
nutrient levels, which could promote the growth of
phytoplankton and the enhancement of primary pro-
ductivity in these small lake or ponds (Liu et al. 2013).
Nevertheless, low P and chlorophyll a levels were ob-
served in some samples not affected by penguin guano.
For example, the sediment layer between 5 and 15 cm

Visible reflectance spectroscopy and historical changes in chlorophyll a

depth in the MB4 profile (Fig. 3) has low P content,
indicative of the lack of guano input into the pond. The
concentration of chlorophyll a is correspondingly extre-
mely low (almost below detectable limits), which is con-
sistent with the approximate zero trough area between
650 and 700 nm in the reflectance spectra curves (Fig. 3),
reflecting the low primary productivity recorded in this
sediment layer.

Conclusions

We performed analyses on VRS and chlorophyll a con-
centration in three sediment profiles from East Antarctic
lakes and ponds. We conclude that the appearance of a
trough at 650—-700 nm in the visible spectrum curves is an
important marker for chlorophyll a concentrations and
can be used to distinguish the sedimentary organic matter
source from guano and aquatic algae. The dimensionless
trough area between 650 and 700 nm has significantly
positive correlations with the measured chlorophyll a
content in all the three sediment profiles, indicating
that the VRS has the potential to be a valuable tool
to rapidly assess chlorophyll a concentrations in East
Antarctic ponds.

Modelling results show that although their absolute
values seem to have some deviations, the spectrally-
inferred and measured chlorophyll a levels have fairly
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Fig. 5 Correlations of P with measured and inferred chlorophyll a concentrations in the ornithogenic sediments of Bl, MB6 and MB4.
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consistent change patterns versus depth, indicating that
the trough area can be used as an independent proxy
for reconstructing the relative change of Antarctic lake
primary production.

For lakes and ponds around the penguin colonies,
the input of penguin guano can increase nutrient levels
and promote the growth of phytoplankton, resulting in a
large increase in primary productivity.
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