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A B S T R A C T   

Phosphorus (P) chemistry and its dynamic cycling are essential for understanding aquatic primary productivity 
and ecosystem structure. However, there is a lack of knowledge on P chemistry in pristine aquatic ecosystems, 
such as in Antarctica. Here, we applied the Standards, Measurements and Testing Program (SMT) procedure and 
nuclear magnetic resonance spectroscopy (NMR) to reveal P speciation in two types of lacustrine sediment cores 
collected from Inexpressible Island, Ross Sea, East Antarctica. The Positive Matrix Factorization Model and 
Generalized Additive Models were applied to quantitatively identify the P sources and estimate relative effects of 
various environmental factors on the speciation. Our results demonstrate that orthophosphate, mainly as Ca-P, is 
the major component and the ortho-monoesters are the predominant organic phosphorus (OP) form in lacustrine 
sediments. Ornithogenic lacustrine sediments have a higher content of P as Ca-P than sediments with little or no 
penguin influence. Our model further suggests that penguin guano is the most important source for Ca-P, ac-
counting for 80%, while detrital input is the predominant source for Fe/Al-P (up to 90%). The content of ortho- 
monoesters, as revealed by NMR, declines with depth, reflecting mineralization process of OP in the sediments. 
Moreover, we observed higher relative proportions of organic P in the sediments with little guano influence and 
the deposition of organic P are likely facilitated by microbial mats. Overall, our data suggest that burial of P in 
Antarctic lakes is sensitive to different P sources and sedimentary environments. The relatively higher 
bioavailable phosphorus in lacustrine sediments largely controls growth of aquatic microbial mats in oligotrophic 
lakes and ponds in Antarctica. The sediment profile data also indicate that P burial increased during the Medieval 
Climate Anomaly period, and climate warming is more conducive to P burial through the expansion of penguin 
populations and productivity of microbial mats. Our findings represent the first systematic understanding of 
natural P cycling dynamics and its main controlling factors in pristine ponds with different organic sources in 
Antarctica.   

1. Introduction 

Phosphorus (P) is a key limiting nutrient for organisms, and its 

biogeochemical cycling is believed to regulate primary productivity and 
ecosystem structure (Tyrrell, 1999; Smil, 2000; Ren et al., 2019). 
Depending on the specific environments in aquatic ecosystems, 
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sediment can either serve as a sink or source of P due to chemical ex-
change at the interface of sediment and overlying water, thereby playing 
a significant role in regulating the availability of P (Filippelli and 
Delaney, 1994; Jarvie et al., 2005; Lai and Lam, 2008). For example, Fe 
(OH)3-adsorption is one major P sink in most aquatic ecosystems, but 
under anoxic conditions Fe(OH)3-bound as well as organic P (OP) can be 
preferentially released from the sediment and diffuse into the overlying 
water (Ingall and Jahnke, 1994; Ruttenberg, 2014). In comparison, 
some P species, such as detrital or secondary apatite minerals, are more 
resistant to environmental changes, representing long-term P burial 
phases (Compton et al., 2000; Chen et al., 2014). Thus, the chemical 
behaviors of P at the water–sediment interface and the exchangeable 
flux of bioavailable-P (BAP) rely primarily on the proportion of more 
reactive P species (Benitez-Nelson, 2000; Adhikari et al., 2015). Overall, 
speciation rather than total level of sedimentary P is more important to 
understand P cycling and estimate P bioavailability in aquatic ecosys-
tems (Ruttenberg, 1992; Kaiserli et al., 2002; Li et al., 2021). 

P speciation and distribution have been extensively investigated in 
numerous lake sediments, which are significantly impacted by human 
activities especially in eutrophic lakes (Smil, 2000; Barik et al., 2019; Tu 
et al., 2019; Long et al., 2022). However, studies on biogeochemical 
cycling of P as an important part of the pristine ecological environment 
under the background of climate change, are still scarce. In this regard, 
the Antarctic, which is more sensitive to climate change compared with 
middle and low latitude regions, offers an ideal place to investigate P 
biogeochemical cycling without much anthropogenic disturbance. 
Recently, there have been several studies on soil P content and cycling in 
the McMurdo Dry Valleys (Blecker et al., 2006; Barrett et al., 2007; 
Heindel et al., 2017), Antarctic Peninsula (Rodrigues et al., 2021; 
Siqueira et al., 2021), and on Ross Island (Prietzel et al., 2019). How-
ever, to our knowledge, very few studies have discussed P distribution 
and cycling in sediments deposited in lakes, catchments, or streams, 
despite the common recognition of P as a critical nutrient for the 
development of aquatic ecosystems in Antarctica (Berbel and Braga, 
2014). There are diverse types of lakes in Antarctica, such as freshwater 
or hypersaline lakes in ice-free areas and freshwater epishelf lakes 
(Laybourn-Parry and Wadham, 2014), representing an important 
component of the Antarctic continent. At present, confronted with 
various environmental crises, Antarctic lake ecosystems are fragile and 
sensitive (Bergstrom et al., 2006; García-Rodríguez et al., 2021), but 
offer an ideal natural lab to assess the response of P cycling to envi-
ronmental changes, e.g., climate warming and penguin population 
evolution. 

Previous studies have shown that guano contains high levels of nu-
trients, especially P and nitrogen (N), which have significant impacts on 
primary productivity, ecological structure, and function of both terres-
trial and aquatic ecosystems surrounding the seabird habitats (Liu et al., 
2013; Qin et al., 2014; Ziółek and Melke, 2014; Graham et al., 2018). 
Most Antarctic lakes and streams are ultra-oligotrophic (Priscu, 1995), 
but due to the nutrient delivery by seabirds, lakes and ponds around 
their colonies can contain high levels of P (Nędzarek and Pociecha, 
2010). Specifically, P exists in a variety of chemical forms in seabird 
guano, of which the most mobile and bioavailable form is orthophos-
phate (ortho-P, HPO4

2-; Otero et al., 2018). Dissolved P can be trans-
ported by surface runoff to the surrounding water and finally deposited 
in the catchment or pond around penguin colonies where they can be 
easily adsorbed by Fe/Al oxides under acidic condition (Edzwald et al., 
1976; Otero et al., 2015). Sedimentary P can also be released back into 
the overlying water along with the reduction and dissolution of ferric 
(hydr)oxides in some anoxic sediment in Antarctica, increasing the 
bioavailability of P and aggravating eutrophication of the water body 
(Wang et al., 2010; Abdallah, 2011; Bing et al., 2014). Apart from water 
chemistry, a recent study revealed that climate warming was likely to 
trigger a modification of soil P speciation and bioavailability through 
changing the site conditions and vegetation coverages in terrestrial and 
aquatic ecosystems in Antarctica (Prietzel et al., 2019). With continued 

global warming, the Antarctic ecosystem tends to undergo great changes 
(García-Rodríguez et al., 2021; Khare, 2022), in which P, as a nutrient 
element, will presumably be heavily disturbed. Therefore, study on the 
biogeochemical cycle of P in the Antarctic ecological environment and 
its main controlling factors are of particular interests for the assessment 
of possible impacts of global warming on Antarctic ecosystems. 

In this study, we combined the Standards, Measurements and Testing 
Program (SMT) procedure and solution-state 31P nuclear magnetic 
resonance (NMR) spectroscopy to investigate the speciation of P in three 
lacustrine sediment cores on Inexpressible Island, Ross Sea, East 
Antarctica. Moreover, we applied quantitative models to assess the im-
pacts of potential P sources and the sedimentary environment on the P 
burial. Based on the chemical analysis and the quantitative model 
calculation, we expect to: a) increase our knowledge on speciation of 
sedimentary P in the pristine Antarctic environment, b) clarify the 
relative contributions of penguin activity and microbial mats on the 
biogeochemical cycle of P in East Antarctica, c) characterize OP in the 
lacustrine sediments, and d) reveal the impact of environmental factors 
on the P speciation profile in the sediments and reconstruct evolution of 
P cycle in Antarctic lakes. 

2. Materials and methods 

2.1. Study area and sample collection 

Three sediment cores (IIL3, IIL4, and IIL9) were collected in January 
2016 from Inexpressible Island (74◦54′S, 163◦43′E, Fig. 1), Ross Sea, 
East Antarctica. Inexpressible Island has many elevated beaches at 
different altitudes and gradients (Baroni and Hall, 2004), and there are a 
large number of abandoned Adélie penguin colonies on or near these 
beaches. An active Adélie penguin colony of more than 20,000 breeding 
pairs is located at Seaview Bay (He et al., 2017). Meteorological data 
indicate that the interannual climate of Inexpressible Island varies 
greatly (Ding et al., 2015). The monthly average temperature is below 
0 ◦C and the annual average temperature is between − 15.3 and − 18.7 
◦C. The island has relatively low precipitation, and strong katabatic 
winds prevail throughout the year. 

Sediment cores IIL3 (74◦54′21.73′′S, 163◦43′8.62′′E), IIL4 
(74◦53′36.77′′S, 163◦43′04.45′′E), and IIL9 (74◦53′18.98′′S, 
163◦43′26.38′′E) were collected in three ponds with some coverage of 
microbial mats, respectively (Fig. 1b). They were all collected manually 
using PVC tubes (about 11 cm diameter long). Algae, cyanobacteria, and 
bacteria likely constitute the bulk biomass in the pond (Fumanti et al., 
1997; Chen et al., 2019). Surrounding the IIL4 pond catchment, there 
are some abandoned penguin colonies on raised beaches. Based on field 
observations, all the ponds are shallow with a maximum depth no more 
than 50 cm. The total length of IIL3, IIL4, and IIL9 sediment cores was 
54 cm, 45.5 cm, and 48.5 cm, respectively. Water samples were also 
collected from the corresponding ponds using clean plastic bottles. In 
the laboratory, the sediment cores were sectioned at intervals of 0.5 cm 
for the surface layer (0–10 cm) and at intervals of 1 cm below 10 cm. 
Detailed sampling information was reported in our previous papers 
(Wang et al., 2020; Chen et al., 2021; Jin et al., 2021). 

For comparison, guano-impacted surface soils, guano-free soils, and 
penguin guano were also collected in the field. Prior to chemical anal-
ysis, the sediment and soil samples were freeze-dried, homogenized, and 
ground using an agate mortar and pestle, and then screened using a 200- 
mesh sieve. Freeze-dried guano was screened using a 120-mesh sieve. 

2.2. Analysis of physicochemical properties 

The samples for micro-morphological analysis were screened using a 
2 mm sieve, then evenly sprinkled on the conductive tape. After gold 
sputtering, the samples were put under the scanning electron micro-
scope (SEM) for screening. A total of 14 samples were analyzed, 6 for 
IIL4 and 8 for IIL3/IIL9. The soil micro-morphological features such as 
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crystal surface morphology and agglomeration degree were collected by 
a G500 SEM coupled with an Oxford Instruments energy dispersive X- 
ray detector (SEM/EDS). 

We also conducted X-ray diffraction (XRD) analysis for the 120-mesh 
sieve samples. The analysis was conducted on a multi-functional 
rotating target X-ray diffractometer (SmartLab, Japan), with a step 
size of 0.02◦ 2θ and a velocity of 3.0◦ 2θ min− 1. The scanning range was 
set to be 5–80◦. 

Particle size was determined using a laser particle size analyzer 
(Malvern, 2000F, Malvern, UK), and the analytical method and result 
are reported in detail by Jin et al. (2021). The water content of the 
sediment samples was determined by weighing the water loss after 
freeze-drying to a constant weight. The pH values of pond water samples 
were measured by a pH meter (HACH pHC101) in the laboratory, and 
the pH values of sediment samples by using water as a leaching agent 
with the sediment: water ratio as 1: 2.5. Total organic carbon (TOC) 
content of the sediment was analyzed by the potassium dichromate 
oxidation-volumetric method (RSD < 0.5%), and total nitrogen (TN) 
content by FLASH 2000 HT Elemental Analyzer (Thermo Fisher Scien-
tific) with an analytical precision of 0.01% (Jin et al., 2021). The 
composition of elements (Cu, Zn, Co, Ni, Cr, Al, Fe, Ca, Mg, K, Na, Mn, 
Ba, Ti) was measured by inductively coupled plasma optical emission 
spectrometry (ICP-OES) after microwave digestion. 

The sealed tube combustion method was applied to analyze stable 
organic carbon isotopes of acid-treated sediment and aquatic microbial 
mat samples; detailed methods and analytical results of partial sediment 
samples have been reported by Jin et al. (2021). The stable isotope 
abundances are reported in δ notation as deviations from standards in 
parts per thousand, δ13C = [(R sample/R standard) − 1] × 1000 (‰), where 
R = 13C/12C. The Rstandard values are based on the Vienna Pee Dee 
Belemnite (V-PDB) standard. Analytical precision for δ13C is better than 
±0.1‰. 

2.3. Extraction and analyses of different P species 

The total P (TP) content was determined by inductively coupled 
plasma-optical emission spectrometry (ICP-OES: 2100DV). In addition, 
the concentration of soluble orthophosphate in pond water samples was 
determined directly by a Continuous Flow Analytical System (SKALAR 
SAN++). The separation of different P forms in solid samples (sediments, 
soils, and penguin guano) was achieved using sequential extraction 
developed by the Standards, Measurements and Testing Program (SMT) 
procedure (Ruban et al., 2001; Yang et al., 2018). As an addition to the 

SMT method, one step for extracting labile P was included, and five P 
forms were extracted in total: NH4Cl-extractable P (Ex-P), NaOH- 
extractable P (Fe/Al-P), HCl-extractable P (Ca-P), IP, and OP (Fig. S1). 
Here, P compositions were further analyzed by solution-state 31P NMR 
spectrometer (Avance III 400) at the Instruments’ Center for Physical 
Science, University of Science and Technology of China. P compounds 
were identified by their chemical shifts (ppm) relative to an external 
orthophosphoric acid standard (Cade-Menun, 2005a; Cade-Menun et al., 
2005b; Turner et al., 2003). Detailed methods are explained in the 
Supplementary Material. 

2.4. Data calculation and analysis 

We calculated an elemental enrichment factor (EF) to evaluate the 
influence of sedimentary organic matters (penguin feces, microbial 
mats; Eq. (1)) on the dynamic cycle of P. The EF is defined as enrichment 
of a particular element (e.g., P) in samples relative to the bedrock 
(natural, background inputs). To compensate for potential leaching ef-
fect during weathering, we apply the ratio of the element to a nearly 
immobile element (Al or Ti): 

EF =

(
P
Al

)
sed.

(
P
Al

)
bac.

(1) 

BAP refers to the P that can be directly or indirectly used by organ-
isms and contains Ex-P, Fe/Al-P, and OP (Compton et al., 2000). In 
general, Ex-P is the most bioavailable component in the sediments and 
can be easily released back into the water. Fe/Al-P can be readily 
bioavailable along with the desorption or reductive dissolution of ferric 
hydroxides under anoxic conditions, and OP can be mineralized into IP, 
leading to increasing bioavailability (Yang et al., 2019). In comparison, 
Ca-P in this system is mainly detrital or biomineralized apatite, which is 
recalcitrant to dissolve and hard to be utilized by microbes in lake en-
vironments. Thus, the level of BAP is primarily the sum of Ex-P, Fe/Al-P, 
and OP. 

There are primarily two sources of organic matter in these lacustrine 
sediments, namely microbial mats (algae) and penguin guano (Wei 
et al., 2016). Accordingly, a two-end member isotope mixing model was 
applied to assess the relative contributions of guano and microbial mats 
to the sedimentary organic matter of the three profiles. Detailed calcu-
lation methods and results have been reported in Jin et al. (2021) and 
are also provided here briefly in the Supplementary Material. 

A Positive Matrix Factorization (PMF) Model was applied to identify 
the sources of P (penguin feces, microbial mats, and weathered soils) 

Fig. 1. The study area showing the location of Inexpressible Island (a) and the ponds (red tag) where sediment cores IIL4, IIL 3, and IIL9 were collected (b).  
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based on the assessment of 14 elements (Cu, Zn, Co, Ni, Cr, Al, Fe, Ca, 
Mg, K, Na, Mn, Ba, Ti) and P. The objective of this model was to mini-
mize and guarantee the Q (the goodness-of-fit parameter), to ensure a 
more credible result. Generalized Additive Models (GAMs) were used to 
differentiate the relative impact of various factors on P speciation. More 
details of the PMF model and GAMs are described in the Supplementary 
Material. 

Statistical analysis was performed with the SPSS 24 software package 
(SPSS Inc., USA). Principal component analysis (PCA) was performed 
with Origin 2021 software to assess the main factor(s) affecting P 
speciation in the samples. All 31P NMR spectra were processed using 
MestReNova 11.0 software. Mineral composition of XRD patterns was 
identified by Jade 6.5 software. GAMs were applied using the “mgcv” 
package in R. The identification of sources was realized by EPA PMF 5.0. 

3. Results 

3.1. Geochemical composition and organic sources of sediment profiles 

In general, almost all measured parameters such as TOC and TN, 
show little difference in the IIL3 and IIL9 sediment profiles (Table S1). 
The Mann-Whitney U test further confirmed that measured parameters 
of the two profiles (Table S1; TOC/TN, and water content) have no 
significant difference (p > 0.05), indicating their similar depositional 
environment. Compared to IIL3/IIL9 sediment samples, IIL4 samples 
have obviously lower contents of TOC and TN, possibly reflecting the 
significant impact of penguin guano (Wei et al., 2016; Jin et al., 2021). 
Of the three sediment profiles, IIL4 samples also have relatively lower 
mean water content and higher mean grain size. 

Our previous study suggested that the organic matter in these 
lacustrine sediments is mainly from microbial mats (algae) and penguin 
guano (Wei et al., 2016; Jin et al., 2021). The relative contribution of 
guano and microbial mats is calculated based on the two-end member 
isotope mixing model (Fig. S2). The results show that for IIL3 and IIL9 
sediment profiles, the microbial mats may represent the major source of 
organic matter, but IIL4 is more affected by penguin guano. 

3.2. Micro-morphology and mineralogy of the three sediment profiles 

The IIL4 and IIL3/IIL9 sediment profiles show significantly different 
micro-morphological and mineralogical characteristics. For example, 
the IIL3 and IIL9 sediments contain many loose and small to medium- 
sized granular structures with ovoidal, sub-rounded, clastic forms 
(Fig. S3). EDS analysis shows O, Si, C, Fe, Al, Mg, K, Na, and Ca as the 
major elements in the substance. There are also diatom residues in the 
IIL3 and IIL9 profiles. XRD patterns revealed biotite, phlogopite (Fe- 
rich), calcite, halite, and anorthite crystals as the major minerals in IIL3 
sediments (Fig. 2; Table S2). IIL9 sediments have similar XRD patterns to 
IIL3, with a more intense halite peak. According to the SEM analysis, 
IIL4 sediments consist of abundant thin, rounded gypsum crystals 
(Figs. S3a, b). The medium layer is composed of calcite, quartz, brushite, 
phlogopite, and halite (Fig. 2; Table S2). 

3.3. P speciation profiles of the lacustrine sediments 

There is significant difference among vertical distributions of TP and 
P fractions in the three sediment profiles (Fig. 3). In the IIL4 sediments, 
TP, IP, and Ca-P concentrations display similar patterns with peak 
values at a depth around 30 cm, and then decline with depth. The pat-
terns of OP and Fe/Al-P are very similar with minimum values at a depth 
of ~30 to 5 cm, but their contents increase in the top sediment layers. 
Unlike other P forms, the pattern of Ex-P component seems to be 
different, showing an increasing trend towards the top sediment layers, 
but slightly decreasing in the uppermost 5 cm sediments (Fig. 3a). In the 
IIL3 sediments, peak levels of TP, IP, Ex-P, Fe/Al-P, and Ca-P are 
observed at the depths of ~30 to 20 cm, and Ex-P is below the detection 

limit below 30 cm. The OP content does not vary significantly below 20 
cm, but has relatively high levels in the top 10 cm layers (Fig. 3b). In the 
IIL9 sediment, the TP is overall higher in the top 10 cm layers relative to 
the bottom ones. The patterns of IP, OP, and Ca-P are similar to the TP 
component in the IIL9 sediment (Fig. 3c). The Ex-P content increases in 
the top 6 cm layers but is undetectable below 6 cm (Fig. 3c). For Fe/Al-P 
and Ca-P components in the IIL9 sediments, their vertical profiles 
display opposite patterns (Fig. 3c). Overall, for the three sediment pro-
files, the vertical patterns of TP are consistent with those of IP and Ca-P, 
indicating Ca-P as the predominant fraction in the three sediment pro-
files. The contents of TP, IP, and Ca-P in IIL4 are significantly higher 
than IIL3 and IIL9. The OP contents in all of the three sediment profiles 
are about 200–800 mg/kg, which have similar patterns with depth, 
different from the characteristics of IP. Ex-P shows a complex distribu-
tion pattern, and is below detection limit at some bottom sediment 
layers. 

The solution-state 31P NMR spectra revealed two forms of P com-
pound. For IP, orthophosphate (ortho-P, with chemical shift at 6 ppm) is 
the predominant form in all sediment cores. Orthophosphate monoesters 
(mono-P, with chemical shift at 3.94–4.50 ppm) are the major form of 
OP in the NaOH-EDTA extraction of the IIL3 sediments (Fig. 4). There 
are no detectable signals of orthophosphate diester (diester-P, with 
chemical shift at 2.5 to − 1 ppm), pyrophosphate (pyro-P, with chemical 
shift at − 5 ppm), or polyphosphate (poly-P, with chemical shift at − 20 
ppm). The 31P NMR spectra of the IIL3 sediments show a noticeable 
signal of mono-P in the surface sediment layers, but the signal intensity 
decreases with depth, reaching significantly weaker levels at 18–9 cm 
and eventually undetectable in the bottom samples (Fig. 4b). This 
observation is consistent with the above-mentioned results showing that 
OP levels decline significantly with depth in the IIL3 sediments (Figs. 3, 
4b). In summary, ortho-P is the predominant component in the extracts 
of the three sediment profiles (Fig. 4a), and only mono-P was identified 
as main component of sedimentary OP. 

Fig. 2. XRD patterns of IIL4 (a), IIL3 (b) and IIL9 (c) profiles. Ca—Calcite; 
Gy—Gypsum; Ha—Halite; Q—Quartz; Br—Brushite; Ph—Phlogopite (Fe-rich); 
Bi—Biotite; An—Anorthite; Mo—Monohydrocalcite. 
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4. Discussion 

4.1. The impacts of sources on the P content and speciation. 

The depth profile of P content in sediments often reflects the evo-
lution of P inputs during the depositional process. For the Antarctic 
ponds investigated here, potential sources of nutrients are guano, mi-
crobial mats, and weathered soils. Here, we performed PCA to determine 
the interrelation between factors (like sources) and P species. Then, the 
relative contributions of three P sources are quantitatively estimated for 
the three sediment profiles using PMF model and GAMs. 

The PCA results demonstrate that in contrary to the other two pro-
files, the IIL4 sediment samples have negative scores on PC1 (Fig. 5), 
reflecting different sources of organic matter. TP, Ex-P, and Ca-P have 
relatively high negative loadings on PC1, suggesting that guano input 
has significant influence on their distribution in the IIL4 sedimentary 
profile. The OP fraction has positive loading on PC1, implying that 
guano is not a major source of OP, consistent with previous studies 
showing that IP is the main form of TP in animal feces (Liu et al., 2012; 
Irick et al., 2015; Schmieder et al., 2018). Indeed, our data reveal that 
OP content only accounts for 1.29% of TP in the guano sample 
(Table S3). Compared with IIL4, whose OP relative proportion is about 
5.07%, IIL3 and IIL9 sediments with less guano influence have much 
higher OP proportions (20.28% and 20.41%, respectively; Fig. 6), and 
such high OP contents are likely attributed to deposition of the microbial 
mats (Feng et al., 2016). There is a good correlation between Fe/Al-P 
and Fe/Al contents (Fig. 5; Figs. S4c, d). This relationship suggests 
that Fe/Al-P most likely originates directly from geological erosion of 
surrounding weathered soils (similar to the observed particulate Fe/Al-P 
in modern river water; Compton et al., 2000) or later adsorption of P by 
Fe/Al-hydroxides from the erosion (e.g., Bai et al., 2017), although the 
relative contribution of these two factors is currently unknown. 

The PMF model has been widely applied to quantitatively identify 
sources of contaminants (e.g., heavy metals and persistent organic 

pollutants) in various environments (Yu et al., 2015; Zhu et al., 2020). 
Here, the PMF model was applied to identify P sources in our sediment 
samples (Fig. 7; Fig. S5). Due to its remote location and the influence of 
atmospheric circulation patterns, westerly winds prevail around the 
land (Abram et al., 2014), thus prevent the transport dust from other 
continents. The major sources of P are microbial mats, penguin guano 
and weathered soils based on field investigation and geochemistry 
proxies, especially δ13Corg mixing model results and TOC/TN. The PMF 
model analyses yielded two factors for IIL3 and IIL9 sediments, and 
three factors for IIL4 sediment, under the optimum operating conditions. 
The factor graphs show that the factor with higher contributions of Fe, 
Al, and Ti can gauge the input of weathered soils (Fig. S5). According to 
previous studies, Cu, Zn, and P are dominant bio-elements in penguin 
guano in the Ross Sea region (Liu et al., 2013; Xu et al., 2021), which 
were used here to represent the guano input factor in IIL4. The factor 
with relatively higher P contribution, but lower Ti and Al is attributed to 
microbial mats. In summary, the factors and their source contributions 
against depth are illustrated in Fig. 7. The contributions of microbial 
mats nearly in all sediment profiles show a consistently decreasing trend 
downward with the depth of deposition, except a relatively higher value 
present in the bottom layers of IIL9. Correspondingly, the contributions 
from weathered soils have an opposite trend compared with microbial 
mats in the three profiles. For the IIL4 sediment profile, which is obvi-
ously affected by penguin guano, guano’s contribution presents a high 
value (up to 60%) from ~34 to 14 cm, indicating the significant influ-
ence of this input on the dynamic cycling of sedimentary P species in the 
IIL4 pond. 

The changes of penguin guano input with depth are consistent with 
those of EF, TP, and Ca-P, and a significant positive correlation is 
observed between TP/Ca-P and guano input (Fig. 8, blue box), further 
supporting that guano contributes the most P in the IIL4 pond (Fig. 7). 
We used GAMs to quantitatively explore the effects of guano input on TP 
and Ca-P. The result indicates that guano input can explain 84.30% TP 
variety (p < 0.001) and 80% Ca-P variety (p < 0.001), implying that the 

Fig. 3. The vertical distributions of TP and different P species in the sediment profiles IIL4 (a), IIL3 (b), and IIL9 (c). No data for Ex-P below certain depths of IIL3 and 
IIL9 indicate Ex-P concentration cannot be detected in the sediment samples. The detection limit is 1 μg/L. The light-yellow frame represents the MCA period 
(1600–700 yr BP) reported in the study area by Jin et al. (2021) and Xu et al., (2021). 
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guano source has a crucial impact on the P burial, especially Ca-P in IIL4 
(Table S4). This deduction is further strengthened by the result showing 
that guano delivers much of the IP to the soils and Ca-P is the pre-
dominant form of P in penguin guano (Fig. 6; Table S3). 

According to our previous study, a core Medieval Climate Anomaly 
(MCA) period during 1400–800 yr BP was recorded in the sedimentary 
records from Inexpressible Island, which corresponds to the 34–15 cm 
layers in the IIL4 sediment core (Jin et al., 2021). This finding is almost 
consistent with Xu et al. (2021), who reported that enhanced Modified 
Circumpolar Deep Water intrusion increased the heat supply during the 
intervals of 1600–700 yr BP at Inexpressible Island, and this period was 
also verified an relatively warm period. Lüning et al. (2019) summarized 
paleotemperature proxies from a large amount of published literature, 
and suggested that a warm MCA core period 1000–1200 CE widely 
existed in Victoria Land and the western Ross Sea. 

Given that, the sharply enhanced burial of P at those layers deposited 
during MCA period may be attributed to the expansion of Adélie penguin 
colonies caused by climate warming and consequently, broadening ice- 
free areas. Specifically, the expansion of penguin colonies with poten-
tially increasing group members could enhance the “phosphatization 
processes” and chemical weathering in the soils. Moreover, the warming 
period would cause more melting of glacier, which could form liquid 
drainage on the surface of Antarctic. With the aid of glacier melting 
water, more phosphorus could be delivered to the nearby ponds, where 
it got eventually buried (do Vale Lopes et al., 2021). 

The significant increase of TP versus depth in IIL3/IIL9 seems to 
correspond well to the rising influence of microbial mats, especially in 

Fig. 4. Phosphorus nuclear magnetic resonance (31P NMR) spectra of NaOH-EDTA extracts in the surface sediments of IIL4 and IIL9 (a), and 31P NMR spectra of IIL3 
sediment samples at the different depths (b). 

Fig. 5. Bi-plot loadings of PC1 and PC2 calculated by PCA, with score of sub-
samples from IIL4, IIL3, and IIL9 sediments. The orange coordinate system is 
corresponding to different factor loadings (blue arrow). The black coordinate is 
related to samples loading of IIL4 (red dots), IIL3 (green dots) and IIL9 (black 
dots). The ellipses represent 95% confidence intervals for different sam-
ple loadings. 
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IIL9 samples, but no such relationship is observed in IIL4, which is 
thought to have high guano input (Fig. 3; Fig. 7). Thus, aquatic organ-
isms such as microbial mats are more important sources of P in natural 
oligotrophic ponds without much animal influence. However, according 
to our correlation analysis, TP is only weakly correlated to microbial mat 
input (Fig. 8, purple boxes). Simultaneously, the “Deviance explained” 
values of microbial mats to P calculated by GAMs are not high enough, 
only 24.90% and 21.80% in IIL3/IIL9 (Table S5), suggesting that mi-
crobial mats contribute to the increase of TP to some extent, but other 
factors also play non-negligible roles in the oligotrophic lake sediments. 
For example, during the MCA period (at 30–10 cm in IIL3 and IIL9 
sediment cores), TP content obviously increased in IIL3 but decreased in 
IIL9 (Fig. 3). This increasing trend may reflect the increasing quantity of 
microbial mat input and intensity of weathering at Inexpressible Island 
during MCA period. The P content in microbial mats (around 0.2 %; Liu 
et al., (2013)) is higher than weathered soils (around 0.1 %; Table S5) in 
the Ross Sea region. In the MCA period, the weathered soils contributed 
around 70% in IIL9 but < 50% in IIL3 (Fig. 7), which could be the one of 
the reasons for the relative lower contents of P in IIL9. The increased 
microbial mats input below 40 cm (about ~2800 BP, according to Jin 
et al., 2021) for IIL9 may be related to increasing temperature during a 
warm period (Stenni et al., 2017; Jin et al., 2021). During this period, ice 
sheets at Inexpressible Island melted rapidly, favoring the elevation of 
pond productivity and P burial. 

Microbial mats are a vital source of OP burial, as indicated by our 
PCA analysis (Fig. 5). According to the PMF model, the increase of OP 
content in the upper 15 cm layers correlates well with the changes in 
microbial mat input (Fig. 7), demonstrating their large contribution to 
OP deposition. The changes of Ca-P are more complex in IIL3, which 
indicate that the sedimentary environment (e.g., pH) also has 

considerable impact on Ca-P. For Fe/Al-P, its content variation corre-
sponds well with the contribution of weathered soils in the sediment 
profile. Fe/Al-P generally constitutes high proportions in the IIL3/IIL9 
sediment cores (Fig. 6), whereas its absolute contents in all three sedi-
mentary cores are similar (Fig. 3), indicating that Fe/Al-P is likely 
affected by similar sources in the three sediment profiles. The Fe/Al-P 
has a strong relationship with input from weathered soils in IIL4 and 
IIL9, although the positive relationship in IIL3 is not statistically sig-
nificant (Fig. 8, orange boxes). The relationship between Fe/Al-P and 
weathered soils input in the sediment profiles is best explained by GAMs, 
with the deviance interpreting 88.20 % (p < 0.001) in IIL4 and 93.40 % 
(p < 0.001) in IIL9 (Table S4). Thus, strong physical weathering in 
Antarctica can bring significant fluxes of Fe/Al-(hydr) oxides into the 
lakes and ponds by mineral adsorption, and then facilitate the deposi-
tion of Fe/Al-P in the sediments (Bate et al., 2008; Zhang et al., 2021). 

In short, different sources of P play important and yet, varying roles 
in P burial. In IIL4, TP is largely contributed by the input from guano. 
However, in IIL3/IIL9, thriving microbial mats have non-negligible ef-
fects on the burial of P. For the P speciation, the deposition of Fe/Al-P is 
mainly promoted by strong erosion of surrounding weathered soils 
delivered by katabatic winds and melt water at Inexpressible Island, and 
OP mainly introduced by microbial mats. In IIL4, Ca-P is largely 
contributed by guano inputs, whereas in IIL3/IIL9 with few penguin 
influences, it is more affected by multiple factors. 

4.2. The impacts of the sedimentary environment on P speciation 

Except the above-discussed P sources, environmental factors such as 
pH, particle size, and redox conditions could also affect the speciation 
and deposition of P (González-Guzmán et al., 2017; Zhao et al., 2019; 

Fig. 6. Relative proportions of different phosphorus species in the IIL4, IIL3 and IIL9 sediment samples (a), and some environmental media samples including 
penguin guano, soil with or without penguin guano influence (b). 

Z. Zheng et al.                                                                                                                                                                                                                                   



Environment International 164 (2022) 107228

8

Rodrigues et al., 2021). Here, we discuss the possible influences of these 
environment factors on the dynamic cycling of different P species in the 
three sedimentary profiles. 

In general, there are two major factors potentially affecting the distri-
bution and conversion of Fe/Al-P, Ca-P, and Ex-P in the sediments: pH and 
redox conditions. The overlying water of IIL3, IIL4, and IIL9 are weakly 
alkaline with pH values of 8.23, 8.02, and 8.91, respectively. Similarly, pH 
values in IIL 3, IIL 4, and IIL 9 profiles are 7.78 ± 0.10 (n = 10), 8.11 ± 0.13 
(n = 14), and 8.08 ± 0.10 (n = 10), respectively. In the acidic milieu, 
phosphorus tends to be adsorbed more on Fe/Al and clay minerals, but 
elevation of pH undermines the adsorption, which in principle, facilitates 
the conversion from Fe/Al-P to Ca-P, especially in a calcareous environment 
(Rengel and Marschner, 2005; González-Guzmán et al., 2017; Rodrigues 
et al., 2021). The weakly alkaline (pH ≈ 8) sedimentary environment would 
facilitate the formation of HPO4

2- (Text S4 in Supplementary Material; Otero 
et al., 2018). In IIL4 sediment, high fluxes of HPO4

2− is from guano input. 
Under the alkaline and calcareous conditions, dissolved P may precipitate 
out as brushite (CaHPO4･2H2O) or occlude as Ca-P (CaCO3-P; Eq. (2)). 
However, sorption of P anions onto Fe/Al-(hydr) oxides generally decreases 
at elevated pH, because adsorbed P is more and more exchanged with 
ligand (i.e., OH–) or ligand-promoted Fe/Al-P dissolution, making it less 
important in the alkaline milieu (Eqs. (3) and (4)). Therefore, the overall 
alkaline sedimentary condition could promote the formation of Ca-P 
(Weihrauch and Opp, 2018). Correspondingly, the GAMs results support 
that the pH is an important factor for the P speciation which accounting for 
greater than 40% in the IIL9 sediments. 

Ca(H2PO4)2 + Ca2+ + 2OH− ↔ 2CaHPO4⋅2H2O (2)  

Fe/Al − oxide − P+ ligand(e.g.OH− )→Fe/Al − oxide − L+mobile IP
(3)  

Fe/Al − oxide − P+ ligand→Fe/Al − oxide − P − ligand→Fe/Al − oxide 
+Fe3+/Al3+ − ligand+mobile IP (4) 

Apart from pH, we also evaluated the influence of redox conditions 
by using Fe/Mn as a redox proxy (Fig. 3), with lower Fe/Mn indicating 
more oxidizing environment (García-Rodríguez et al., 2021). The results 
suggest IIL9 as the most reducing sedimentary environment and IIL4 as 
the most oxidizing. It is believed that Fe(III)-bound P tends to be re-
generated and released back to the water column along with the 
reduction of ferrihydrite in oxygen-depleted basins (Ingall and Jahnke, 
1994). In IIL4, Fe/Mn ratio is significantly positively correlated with Fe/ 
Al-P. Nevertheless, in IIL3 and IIL9 there is only a weak correlation 
between them (Fig. 8, cyan boxes), indicating that the release of Fe(III)- 
bound P in IIL3 and IIL9 seems to play less important roles in the P cycle. 
In IIL4, there were many gypsum crystals, indicating an extremely 
oxidizing depositional environment (Fig. 2; Fig. S3). Therefore, the 
condition is unfavorable for the reduction of Fe(III) to Fe(II), and Fe(III)- 
bound P may be the dominant form of Fe-P in almost all layers. 

As the PCA analysis implied, OP is potentially linked with TN, TOC, 
fine-grain-sized particles (clay + silt), and water content. Indeed, cor-
relation analysis shows that OP and TOC are positively correlated in the 
IIL3/IIL9 samples, where organic matter mainly sources from microbial 
mats (Fig. 8, black boxes). Thus, it is fully expected that microbial mat- 
derived organic matter has a significant influence on the deposition of 
OP in the sediments. According to some studies, finer particles with 
larger surface area tend to absorb more organic matter as well as reac-
tive P (Hou et al., 2009; Meng et al., 2015; Yang et al., 2016). Therefore, 
it is understandable that OP derives along with TOC and TN from the 
microbial mats and is more bound with fine-grained clay or silt. 

4.3. Cycling of P in Antarctic ponds 

For the lacustrine ecosystems, there are several key processes that 
comprise the P cycle, phosphorus input, burial, and regeneration. Here, 
we investigated P cycle in two types of ponds: one is largely affected by 
microbial mats (e.g. IIL3 and IIL9; Fig. 9a); the other is partly affected by 
penguin guano (e.g. IIL4; Fig. 9b). 

East Antarctic is a cold desert, where physical weathering is a prin-
cipal process for soil formation (Heine and Speir, 1989). Weathering 
detritus, with some phosphorus weathering products, could be imported 
to the pond by glacial melt water, ground water, or aeolian transport, 
then recycled and eventually deposited in the lake or pond (Blecker 
et al., 2006). For the IIL4 sediment profile, the penguin activities bring 
in abundant nitrogen and phosphorus to the aquatic ecosystems. After 
excreted on the soils, the penguin guano can react with some weathered 
soils minerals, the so called phosphatization process, and then form 
ornithogenic soils (Simas et al., 2007; González-Guzmán et al., 2017). 
Under the action of glacial melt water or wind, various P species can be 
transported to the ponds via the aid of mineral adsorption (Ruttenberg, 
2014). P sources are the most crucial factors controlling the distribution 
of Ca-P and Fe/Al-P in the lacustrine sediments of Antarctica. 

The P cycle in lake water is mainly composed of adsorption/ 
desorption of dissolved phosphorus from particulate materials (Comp-
ton et al., 2000; Zhu et al., 2021; Zhu et al., 2022), uptake of IP by 
microbial mats (Eq. (5); Ruttenberg, 2014), decomposition and miner-
alization of OP to IP (Eq. (6); Ruttenberg, 2014), and deposition of 
particulate IP and OP (dead microbial mats). After deposition, the 
sedimentary environment (e.g., pH) has subsidiary and short-term in-
fluences on conversion, adsorption and desorption of P, composing the 
dynamic cycle of P. OP mineralizes to IP in the upper sediments. For IP, 
Fe/Al-P and Ca-P can be converted mutually in certain conditions (e.g. 
pH). The Ex-P is metastable and tends to be transformed into other P 
forms during burial diagenesis (Weihrauch and Opp, 2018). For 
example, although there are considerable levels of Ex-P in the guano 
feces or the ornithogenic soils (Fig. 6; Table S3), in IIL4 sediments, it will 

Fig. 7. The source contribution of penguin guano, weathered soils and mi-
crobial mats in IIL4, IIL3 and IIL9 calculated by PMF model. 
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Fig. 8. Correlation analysis in the sedimentary 
profiles of IIL4, IIL3, IIL9. WC = Water Content, 
Redox con. = Redox conditions, Micro OM pro. 
= Microbial mat (organic matter) proportion, 
Gua OM pro. = Guano (organic matter) propor-
tion, Micro. = Microbial mat, Wea. = Weathered 
Soils (* p < 0.05, **p < 0.01). The red circle 
represents a positive correlation, and the blue 
circle represents a negative correlation between 
the two factors. The boxes in the figure are the 
correlation mainly elaborated in the content.   

Fig. 9. Conceptual graph of P dynamic cycle 
in microbial mat-impacted (a) and typical 
guano-impacted lacustrine sediments (b). 
The blue and crimson dashed arrows repre-
sent a potentially possible transformation 
process of P, which we didn’t observe this 
significant transformation process in our 
study. The size of the ellipse represents the 
amount of P speciation (Ca-P, Fe/Al-P, Ex-P, 
and OP) content in the sediments. The pat-
terns in the ellipse, which has described on 
the upper right of the figure, represent the 
main sources of different P species in the 
sediments.   
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convert to other P forms at greater depth, as revealed by the negative 
correlation (p < 0.05) between Ex-P and Ca-P or TP (Fig. 8, light purple 
boxes). 

H3PO4 +NH3 +H2O+CO2 ̅̅̅̅̅̅→
hv OP+O2 (5)  

OP+O2→H3PO4 +NH3 +H2O+CO2 (6) 

Compared to IIL3/IIL9, IIL4 sediments have higher levels of TP 
because of relatively larger input of penguin guano from surrounding 
abandoned penguin colonies, implying that animal activity and thus 
guano production greatly impact nearby aquatic ecosystems in 
Antarctica. The EF value of lakes affected by penguin guano is dozens of 
times higher than that of natural lakes, indicating that the activity of 
penguins could potentially lead to eutrophication in surrounding lakes 
and ponds (Fig. 3). However, owing to abundant precipitation of Ca-P, a 
relatively stable phase, IIL4 sediments with more guano input do not 
exhibit higher BAP in contrast to IIL3/IIL9. The TP content of IIL3 
sediment is not high, but BAP is relatively high. This result is contrary to 
the expectation and potentially due to the large contribution of OP 
facilitated by microbial mats. 

5. Conclusion 

In this study, we systematically investigated speciation and trans-
formation, of sedimentary phosphorus and their evolution features in 
two types of Antarctic ponds. Our major findings are:  

(1) Inorganic phosphorus (IP), mainly as Ca-P, is the dominant form 
in the Antarctic lacustrine sediment samples, especially those 
affected by penguin guano input, indicating the pivotal role of 
penguin activities in transporting phosphorus from the ocean to 
the Antarctic aquatic systems.  

(2) The growth of microbial mats can facilitate the deposition of 
organic P in the sediments, which later, is quickly mineralized to 
inorganic P during burial diagenesis, similar to other lake systems 
on the Earth.  

(3) During the MCA period (a warm period from 1400–800 yr BP in 
the study region), abundant Ca-P was buried, probably reflecting 
the expansion of penguin colonies and thus increased guano input 
at Inexpressible Island. This reconstruction result may serve as a 
rehearsal for the likely disturbance of the Antarctic P cycle by the 
global warming. 

(4) For the ponds without guano inputs, the microbial mats in Vic-
toria Land seem to be an important P source to sediments, and 
sedimentary environment (e.g., pH and redox condition) have 
non-negligible effects on P conversion.  

(5) Fe/Al-P is mainly controlled by the physical weathering of soils in 
sediment cores revealed by the PMF model and GAMs, which 
interpret around 90% variety of Fe/Al-P in the sediment samples. 
Thus, physical erosion can affect P burial in Antarctic lacustrine 
systems as well. 

Here, sources and sedimentary environments are both considered for 
systematic investigation of P cycling and P speciation. In the two types of 
ponds, natural oligotrophic lakes seem to more vulnerable to the sedi-
mentary environment than ponds greatly affected by penguin guano, 
although the source of P is decisive on P geochemistry. Given the 
increasingly severe challenge of global warming, our investigation on 
the Antarctic lakes provides a vivid illustration of a pristine P cycle and 
its feedback during environmental changes. Along with the dynamic 
changes of ecosystems and penguin activities confronted with global 
warming, geochemical cycle of the critical nutrient phosphorus and its 
response need to be paid more attention on for a vulnerable ecosystem 
like the Antarctic. 
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