

  geosciences-09-00282




geosciences-09-00282







Geosciences 2019, 9(7), 282; doi:10.3390/geosciences9070282




Article



Regional Climate Change Recorded in Moss Oxygen and Carbon Isotopes from a Late Holocene Peat Archive in the Western Antarctic Peninsula



Jonathan M. Stelling * and Zicheng Yu *





Lehigh University, Department of Earth and Environmental Sciences, Bethlehem, PA 18015, USA









*



Correspondence: jmsa14@lehigh.edu (J.M.S.); ziy2@lehigh.edu (Z.Y.)







Received: 15 May 2019 / Accepted: 22 June 2019 / Published: 26 June 2019



Abstract

:

The Antarctic Peninsula (AP) climate is characterized by a high degree of variability, which poses a problem when attempting to put modern change in the context of natural variation. Therefore, novel methods are required to disentangle sometimes conflicting climate records from the region. In recent years, the development of Antarctic moss-cellulose isotopes as a proxy for summer terrestrial growing conditions has become more widespread, with the isotopes Δ13C and δ18O reflecting moss productivity and peatbank moisture conditions, respectively. Here, we used a combined Δ13C and δ18O isotope analysis of moss Chorisodontium aciphyllum cellulose from a peatbank located on Litchfield Island in the western AP to document changes in climate over the last 1700 years. High Δ13C values (>15‰) indicate warm and productive conditions on Litchfield Island from 1600 to 1350 cal yr BP (350 to 600 AD) and over the last 100 years. The δ18O record shows two distinct intervals of dry conditions at 1350–1000 cal yr BP (600–950 AD) and at 500–0 cal yr BP (1450–1950 AD). Our record indicates that terrestrial ecosystems in the AP have responded to regional climate driven by atmospheric circulation, such as the southern annular mode (SAM) and, to a lesser extent, changes in ocean circulation.
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1. Introduction


Rapid change in glaciers and ecosystems on the Antarctic Peninsula (AP) have been attributed to warming climate over the 20th century [1]. Despite an accelerated increase in atmospheric CO2, there has been a lack of warming trend across the AP over the last 20 years (Figure 1), indicating that recent warming in the AP region may be within natural variability [2,3,4]. The climate variability over the southern hemisphere in general, and the AP specifically, is characterized by strong regional and seasonal contrasts and a coupling of atmospheric, oceanic, sea-ice, and ice-sheet processes [5]. Therefore, understanding atmospheric and ocean circulation patterns can provide insight into what climate regimes operated over the AP in the past.



Modern climate on the AP is driven by synoptic-scale patterns that fluctuate between two phases related to the southern annular mode (SAM). The low pressure over the Amundsen and Bellingshausen Sea (LAB) transports warm and moist air over the AP and is often associated with precipitation events in the AP [6]. In contrast, a low over the Drake Passage (LDP) is associated with bringing colder, drier climate from the pole to the AP. Reanalysis data for the period 1979–2018 shows that LAB occurrence increases with positive SAM, while LDP is negatively correlated with SAM [4]. However, during December, January, and February (DJF; the growing season for terrestrial ecosystems), positive SAM conditions are significantly correlated with cooling in the western AP [7]. Pollen and charcoal evidence from the Falkland Islands indicate that the contemporary synoptic conditions were established over the Drake Passage by 2500 cal yr BP [8]. As these climate systems are uniquely tied to the phase of the SAM, knowledge of the SAM phase during the past is important for interpretation of other southern hemisphere paleoclimate records. To date, the SAM has only been reconstructed for the past 1000 years, showing a peak in positive phase around 600 cal yr BP and a low around 450 cal yr BP before increasing in the last 100 years [9,10]. Surprisingly, modern observations are dominated by a positive phase of the SAM, so the 20th century warming trend may be anomalous in the context of the 1000-year SAM record.



Paleoclimate records from the AP have been derived from proxies archived in ice [14], marine sediments [15,16,17,18], and accumulations of peat [19,20,21,22,23]. Interestingly, opposite temperature trends have been noted on the western versus the eastern AP, which could be attributed to existence of an AP dipole [24]. However, terrestrial records of biological productivity from the western AP correlate well with the temperature record from James Ross Island (JRI), where there was pronounced cooling from 2500 to 600 cal yr BP, followed by warming since 600 cal yr BP [14,23], indicating that inconsistencies between records in the AP region could be due to differences in the dominant forcing (atmospheric versus ocean) of the proxy medium. For example, ocean temperatures are the dominant forcing of glacier retreat on the western AP [25], which could be a limiting factor of ice-free land area and the establishment of moss peatbanks in the region. In contrast with this, the biological productivity in established peatbanks will be driven by changes in atmospheric circulation [23] as peatbank moisture, temperature, and growing season length will be the most important factors influencing annual growth. Here, we provide a case study to show that terrestrial ecosystem records, such as those from moss peatbanks, could therefore be used to robustly record past patterns in ocean and atmospheric circulation affecting the western AP.



Chorisodontium aciphyllum Cellulose Isotopes


Peatbanks are accumulations of plant material that can form in the western AP, and in this region they are dominated by Polytrichum and Chorisodontium moss species [26]. This study focuses on Chorisodontium aciphyllum, a Dicranaceae endemic to Antarctica and Patagonia [27]. Compared with the other co-dominant moss species found in Antarctic peatbanks, i.e., Polytrichum strictum, C. aciphyllum possesses traits that indicate that it may be more sensitive to climate. For example, unlike P. strictum, C. aciphyllum lacks any pseudovascular tissues, so water for photosynthesis is attained from the leaf apices [28]. In addition, an experimental study that measured photosynthesis response under controlled conditions has found that the optimal growing temperatures for C. aciphyllum are 10–20 °C and that it has relatively low assimilation rates (5–7 µmol CO2 g−1 (DW) h−1) with light saturation reached at 500 µmol photons m−2 s−1 [29]. Also, that study showed that, after cessation of moisture saturation, C. aciphyllum dries relatively quickly (2–3 times more quickly than another moss species tested). C. aciphyllum is therefore a good candidate as a possible archive of terrestrial ecosystem isotope proxies as (1) it accumulates slowly but with regularity, (2) its water is sourced from precipitation, and (3) it is well adapted to Antarctic Peninsula climate, saturating and drying quickly, recording snapshots of climate over millennia.



We use stable isotopes to interpret paleoenvironment (for a review, see [30,31]). The δ18O in moss cellulose has been shown to reflect the isotopic composition of precipitation and therefore an archive of climate [30]. However, other factors can affect the oxygen isotope ratio of the cellulose, including evaporative enrichment, water vapor isotopic exchange, fractionation during cellulose synthesis, exchangeable organic molecules, and the time lag between precipitation events and when cellulose is synthesized. It has been established that C. aciphyllum moss can have greater isotopic enrichment than the 27 ± 3‰ biochemical fractionation factor [32] (but see [33]), suggesting that there is evaporative enrichment (up to 5‰) in leaf apices prior to cellulose synthesis [34]. For comparison, there is a greater degree of evaporative enrichment found in mosses than open water due to the greater surface area of moss leaves [35,36]. While this enrichment can be a result of microclimate [31], measurements down-core from an individual peatbank will be representative of the effective surface moisture (precipitation minus evaporation) of the peatbank during the season of plant production. High values of δ18OC therefore reflect periods of strong evaporative enrichment [34,37]. Precipitation in the AP region (Figure 2) can vary seasonally, with the highest δ18O values during DJF. Measurements of precipitation at the nearest Global Network of Isotopes in Precipitation (GNIP) station to our study site (Figure 2C) showed δ18O values to be between −5‰ and −10‰ for the time period 1964 to 2016 AD [11]. Assuming a fractionation of 27‰, δ18O values between 14‰ and 25‰ can be expected if there is no evaporative enrichment.



The δ13C of moss cellulose provides a direct proxy for bioavailable water, allowing reconstructions of moisture for coastal Antarctica [38], and has been used to reflect moisture condition in mosses and peat deposits [30,31,39]. The δ13C of plant tissue represents the biochemical fractionation (up to 29‰) of the carboxylase enzyme RuBisCO in C3 plants [40]. This will discriminate against carbon-13, the extent of which is the Δ13C, and is calculated using the following equation [41]:


Δ13C=δ13Ca−δ13Cp1+δ13Cp



(1)




where Δ13C is the source-independent photosynthetic carbon isotope discrimination; δ13Ca is the atmospheric CO2; and δ13Cp is plant material, in this case cellulose. It is proposed that, for C. aciphyllum, discrimination is dominated by resistance to CO2 diffusion by external water layers, thus representative of peatbank moisture conditions at the time of photosynthesis [20,29,30]. As δ13C is a record of photosynthetic conditions, there is a greater amount of discrimination against 13C (higher Δ13C) under optimal conditions and a lower amount of discrimination (lower Δ13C) when photosynthesizing under suboptimal conditions [31]. It has been suggested that the dominant environmental factor influencing Δ13C is dryness, with Δ13C increasing as the moss approaches optimal dry conditions [30,31].



Although both δ18O and Δ13C should positively correlate with evaporation, a lack of correlation between these two isotopes has been observed in Antarctic moss. For example, Royles et al. [31] showed that there was a significantly lower δ13C (greater amount of discrimination) on higher-elevation peatbanks on Elephant Island compared with the more protected Norsel Point. This was interpreted as representative of greater dryness on Elephant Island due to more wind and evaporation. In contrast, the δ18O record showed no indication of increased evaporative enrichment on Elephant Island when compared with Norsel Point. Additionally, there did not appear to be a correlation between δ18O and Δ13C in a synthesis of Chorisodontium aciphyllum surface samples [30]. This disconnect has been explained due to differences in timing and moisture from when a moss is photosynthesizing (processes related to carbon discrimination) to when those molecules are biosynthesized into cellulose (processes related to δ18O equilibration). Over millennial timescales, however, we propose that analysis of stable isotopes will show an integrated mass balance of decades of moss growth, and the dominant climate signal will be robust and informative.



The objective of this study was to derive a late Holocene record of Δ13C and δ18O from a moss peatbank to better understand the moisture and productivity variability over centennial timescales. We then attempted to put our 1700-year-long AP peatbank record in the context of regional marine-core, terrestrial ecosystem, and ice-core records of climate change.





2. Methods


Cellulose Isotope Analysis


We extracted core LIT-4 from Litchfield Island 64°46’12.9” S, 64°5’20.1” W (−64.770, −64.089) in 2014, and the core was kept frozen until subsampling of moss material for cellulose extraction (see [42] for core and study site description). We selected samples of whole plant Chorisodontium aciphyllum from macrofossil samples at 1-cm intervals under a stereomicroscope, and we cleaned the whole plant samples with deionized water. We followed the procedure for extracting cellulose using the alkaline bleaching method [43]; however, we used the modified procedure for more fragile Antarctic moss samples [31]. Samples were transferred to polypropylene columns (Poly-Prep) and then given 2 rounds of 50 min each in 1.4% (w/v) sodium chlorite bleaching acidified with glacial acetic acid in a hot water bath at 80 °C, rinsing with deionized water in between. Then, they were reacted with 10% (w/v) sodium hydroxide at 75 °C for 30 min, followed by a final round of bleaching. The cellulose samples were rinsed using distilled deionized water and transferred to small vials. Afterward, they were homogenized using an ultrasonic probe and freeze dried.



For oxygen and carbon isotope analysis, ~0.4 mg (n = 63) and ~1.1 mg (n = 58) cellulose materials were enclosed in silver and tin capsules, respectively. There were some core intervals where no analysis was possible due to limited suitable sample material, resulting in slightly more oxygen isotope samples. Oxygen isotope compositions were determined on an Elementar PyroCube interfaced to an Isoprime VisION isotope-ratio mass spectrometer (IRMS). Carbon isotope compositions were determined on a PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 IRMS. Both isotope analyses were carried out at the Stable Isotope Facility of University of California, Davis. Isotope results were calibrated with lab standards and reported as δ notation (in per mille) referenced to VSMOW (Vienna Standard Mean Ocean Water) for δ18O and VPDB (Vienna Pee Dee Belemnite) for δ13C. The laboratory analytical precision is reported as 0.3‰ for δ18O and 0.2‰ for δ13C. We calculated anomalies from the mean of the entire 1700-year record (250 to 2014 AD) for δ18O and Δ13C from smoothed 50-year increments. Statistics were run using R programming language version 3.5.1 [44].





3. Results


3.1. Carbon Isotope Results


All stable isotope results can be found in Supplementary Table S1. According to the age–depth model [42], the record of δ13C from core LIT-4 on Litchfield Island extended from 1600 cal yr BP (350 AD) to −64 cal yr BP (2014 AD), with temporal resolution of 27 ± 13 years. The δ13C values (Figure 3A) ranged from −23.5‰ to −19.1‰ with a median of −20.7 ± 1.1‰ (SD). These values are similar to, but slightly more positive than, C. aciphyllum samples from Norsel Point (median −22.5‰) or Green Island (median −23‰) [31]. Over the last 1700 years, atmospheric CO2 shifted from −6.5‰ to −8‰ [45] (Figure 3B), yielding Δ13C values (using Equation (1)) that ranged from 12.9‰ to 16.8‰ with a median of 14.4 ± 1‰ SD (Figure 3C). The values from core LIT-4 are in line with other measurements of C. aciphyllum from the region, such as on Signy Island, where Δ13C values were found to range from 14‰ to 16.5‰ [20,30]. We then calculated Δ13C anomalies at 50-year intervals (Figure 3D), which showed that C. aciphyllum on Litchfield Island was characterized by generally low discrimination for long periods of time. The record of Δ13C anomaly was mostly positive from 1600 to 1350 cal yr BP. This was followed by a shift to negative anomaly, reaching the lowest Δ13C value in the core of 12.9‰ at ca. 1150 cal yr BP. Then, there was a shift toward slightly positive anomaly by 1000 cal yr BP, before dropping again to a long negative anomaly that persisted from 850 to ca. 50 cal yr BP. However, during this long negative anomaly, there were sporadic positive peaks in Δ13C. From 50 cal yr BP to 2014 AD, there was a positive anomaly, with Δ13C values of ca. 15–16‰.




3.2. Oxygen Isotope Results


Our record of δ18O from core LIT-4 began from 1780 cal yr BP, with only slightly lower temporal resolution of 30 ± 23 years. The δ18O values ranged from 21.3‰ to 28.2‰ with a median of 26.2 ± 1.2‰ (Figure 3E). The median values are in line with other studies from the region, such as 26–30‰ on Signy Island [30] and 26–28‰ on Norsel Point [31]. Furthermore, Green Island (southeast of our study site) had a value of 22‰. These values are likely within the context of natural variability, as δ18O of precipitation can vary by 4–6‰ between these locations (Figure 2). We also calculated anomalies for the δ18O record (Figure 3F), and this showed a robust pattern of multi-centennial-scale fluctuations. From 1750 to 1500 cal yr BP, there was generally a negative δ18O anomaly, followed by a shift to positive anomaly by 1450–1350 cal yr BP. Then, a 350-year positive anomaly persisted from ca. 1350 to 1000 cal yr BP, during which the highest value of δ18O in the core of 28.2‰ was reached at ca. 1200 cal yr BP. This was followed by a period of negative δ18O anomaly down to two standard deviations from the mean at ca. 600 cal yr BP. A slightly positive δ18O anomaly characterized the period from 500 to 0 cal yr BP. From 1950 AD to 2014 AD, a negative anomaly persisted, with the lowest value in the core of 21.3‰ occurring at ca. 1960 AD.





4. Discussion


4.1. Interpretations of Isotope Records in Moss Peatbanks


There was a statistically significant negative correlation between Δ13C and δ18O for the paired down-core samples from core LIT-4 (Pearson correlation p < 0.01, r = −0.39; Figure 4). Additionally, the resampled 50-year anomaly highlighted this relationship, with positive anomalies of δ18O corresponding to negative anomalies in Δ13C. This means that, for samples where there was a high degree of discrimination (high Δ13C) and photosynthesis was likely occurring under optimal conditions, there was lower evaporative enrichment (low δ18O) and vice versa.



This observed trend is counter to other studies of both isotopes in C. aciphyllum moss [30]. An experimental study of carbon isotope discrimination indicated that Δ13C is low (15–20‰) immediately after saturation to 1100% relative water content (RWC), but upon drying to 800% RWC, Δ13C increases (to >20‰) before drastically decreasing to <10‰ as the moss continues to dry at 400% RWC [29]. When considering how these instantaneous responses would be recorded over decades, these values act as end-members of the stable isotope mass balance, integrating stems from individual moss plants that may have had slightly different microtopographic exposure to wind, precipitation, canopy shade, and growth rates [29]. Furthermore, as C. aciphyllum moss dries rapidly after cessation of moisture input, it is unlikely that the moss spent much time at the optimal moisture for the greatest amount of discrimination. Therefore, for the LIT-4 peat core record, we propose that, during intervals where there were low values of Δ13C (<15‰), a greater amount of carbon was fixed under extremely dry conditions (approaching 400% RWC). On the other hand, where there were high Δ13C values (>15‰), a greater amount of carbon was fixed under semisaturated or optimal moisture conditions. Overall, the peatbank mosses photosynthesized in extremely dry conditions throughout the last 1700 years, except during the last 250 years and prior to 1350 cal yr BP. These results indicate that, over the course of peatbank accumulation, photosynthesis generally occurred under less than optimal conditions.



The majority of δ18O values in core LIT-4 were between 26‰ and 28‰, suggesting that evaporative enrichment in leaf apices is a persistent process affecting C. aciphyllum at this location through time. Our interpretation of the δ18O record indicates a 5‰ enrichment due to evaporation in peatbanks, in addition to 27 ± 3‰ fractionation that occurs during biosynthesis of cellulose [32,33,34]. Currently, precipitation near Litchfield Island likely has δ18O values between −5‰ and −10‰ (Figure 2; [11]), while moss water has values between −5‰ and −15‰ [31]. We would therefore expect that, without evaporative enrichment, moss cellulose values should range from a theoretical minimum of 9‰ up to 25‰. The pattern of δ18O variations show multi-centennial-scale variability, with four major shifts in peatbank wetness occurring over the last 1700 years. Two major phases of increased evaporative enrichment stood out at 1350–1000 cal yr BP and at 500–0 cal yr BP.




4.2. Wet and Warm Period at 1750–1350 cal yr BP (200–600 AD)


The δ18O record from core LIT-4 on Litchfield Island began with generally negative anomaly, except a minor drying interval around 1400 cal yr BP, indicating less isotopic enrichment corresponding to wet conditions. In general, Δ13C was positive with an exception around 1450 cal yr BP. Our Δ13C anomaly, mostly above 15‰, indicates that peatbank conditions were warm and wet, supporting high productivity that is similar to modern climate. Similarly, the temperature anomaly at James Ross Island had near-modern temperatures prior to 1400 cal yr BP [14] (Figure 5F). Other proxies from terrestrial records support this interpretation, including the increase in peat carbon accumulation and high biological activity [19,23,42]. There was up to 6 °C warmer conditions evidenced by the record of a Deschampsia bog peat found at 65°S near Cape Rasmussen [21]. This would be best explained by a climate system where warm, moist air was delivered to the AP, and it is likely that a low-pressure system over the Amundsen–Bellingshausen Seas had been dominant during this time [4].



At 1400 cal yr BP, the δ18O and Δ13C record were strongly anticorrelated, indicating that the climate was possibly too warm and that increased drying, thereby inhibiting productivity. This observation is also supported by drier Polytrichum that dominates along with increased unidentified organic material (UOM) [42]. This drop in C. aciphyllum productivity (low Δ13C), increased dryness (high δ18O), dominance of dry Polytrichum moss, and increased UOM were anomalous during this generally warm and wet productive period (Figure 5A).



When comparing this to the marine sediment record, the sea surface temperature (SST) at Palmer Deep increased 4–5 °C around 1600 cal yr BP [16], and although sea ice was increasing, there was seasonally open marine conditions in Barilari Bay [17]. The combination of warm and wet weather driven by atmospheric circulation with warm surface ocean likely created the optimal environment for terrestrial ecosystems to flourish. Furthermore, the Antarctic Peninsula temperature anomaly record from an ice-core synthesis show a peak at 1600–1400 cal yr BP [46]. Glaciers were retreating on South Georgia Island at that time, suggesting warming beyond the eastern AP [47]. There is robust evidence that this wet and warm climate was widespread in the Southern Hemisphere (Figure 5).




4.3. Cold and Dry Period at 1350–1100 cal yr BP (600–850 AD)


The isotopic evidence for this period indicates that conditions were suboptimal for productivity, with maximum evaporation. The Δ13C values were low (<15‰), reflecting that the conditions were less optimal, possibly a shortened growing season due to cold conditions. The lowest Δ13C value of 12.9‰ at 1150 cal yr BP indicates that a large proportion of carbon was fixed near total desiccation, prior to the point where net assimilation had ceased. The δ18O record was characterized by a positive anomaly, implying an extended period of evaporative enrichment due to prevalent dry peatbank conditions.



Regionally, biological productivity was in a decline during this period [23]. Furthermore, there was a hiatus in the record of Deschampsia peat deposition; therefore, it was disturbed sometime after 1200 cal yr BP, although it was attributed to a cool interval that might have begun much later [21]. In core LIT-4, there was a low peat accumulation rate (<0.3 mm/yr) and well-preserved moss macrofossils, with a low amount of UOM (Figure 5A) [42]. Low accumulation with a low degree of decomposition would be expected under cold, as opposed to warm, conditions. These trends are consistent with increased occurrence of low pressure over the Drake Passage, where southerly winds bring cold and dry continental air mass to the AP [4]. Furthermore, to the north on South Georgia, there is evidence of glacier advance over this time [47], suggesting that atmospheric circulation is primarily driving this cold period as the evidence exists on both sides of the Drake Passage.



In contrast, the record of Palmer Deep shows that SST were at modern temperatures, if not slightly higher [16]. Likewise, the ocean further south was warm during that time period [17,18]. The low moss productivity and increased evaporative enrichment indicates that regional atmospheric systems may have a greater influence on peatbank productivity and may be decoupled from trends in SST.




4.4. Brief Warming Interlude at 1100–900 cal yr BP (850–1050 AD)


The Δ13C isotope record shows a shift to optimal, likely warm, conditions at 1100–900 cal yr BP. Corresponding to this, the δ18O had a negative anomaly, reflecting that there was less evaporative enrichment and possibly increased precipitation. The macrofossil evidence shows an increase in UOM from 1000 to 800 cal yr BP [42], indicating increased decomposition during this time, while the lowest accumulation rate was observed (0.3 mm/yr). The Δ13C evidence points to optimal conditions for productivity, so this low vertical accumulation rate was likely due to a greater amount of decomposition over production. Additionally, there were also several peatbanks with basal ages found at this time in the region, near Cape Rasmussen, Cierva Point, and on other slopes of Litchfield Island [21,42], suggesting that, in general, this time was marked by moss peatbank expansion. Regionally, there was a positive temperature anomaly [46]. Furthermore, a warm shift was indicated at 1000–900 cal yr BP on South Georgia [47] (Figure 5), suggesting that atmospheric circulation at this period might have been dominated by the LAB.



The marine record over this time period supports a brief warm interlude, with SST at Palmer Deep reaching a peak of 5 °C near 1100 cal yr BP [16]. There was a warm ocean south of our study site, and although sea ice coverage had been increasing since 2800 cal yr BP, seasonally open marine conditions persisted in Barilari Bay until 730 cal yr BP [17]. This supports the hypothesis whereby warm oceans prompt deglaciation and possibly expedite the freeing up of new land area for moss peatbank colonization.




4.5. Cold and Wet Period at 900–500 cal yr BP (1050–1450 AD)


The Litchfield Island moss Δ13C values were generally low with sporadic increases, while the δ18O show a mostly wet phase during this time period, with the lowest δ18O reaching at approximately 600–550 cal yr BP. We caution against over-interpretations of the timing of these sporadic peaks due to dating uncertainty at 1000–500 cal yr BP in core LIT-4 (see grey shading in Figure 3). Regionally, moss kill ages and a lack of peatbank basal dates suggest that glaciers were expanding at this time [21,48], supporting the interpretation of cold conditions and possibly increased precipitation. Regionally, the lowest biological productivity was from 700 to 400 cal yr BP [23]. The relative lack of UOM suggests that the low amount of peat accumulation was due to lack of productivity [42]. The SAM was in a negative phase during this period, indicating that a LDP dominated the climate system [9].



There was a noted drop in SST of up to 6 °C [16], and both Barilari Bay [17] and Bigo Bay [18] showed a cold period at around 700 cal yr BP. There is evidence of glacier advance on South Georgia at 450 ± 200 cal yr BP [47], although van der Bilt et al. [49] found glacier minimum ca. 550 with the Little Ice Age (LIA) occurring later at 300 cal yr BP.



All these lines of evidence reflect regional-scale climate shift. Regionally, this could be an expression of the LIA in the Antarctic Peninsula. These records indicate that this widespread phenomenon occurs when ocean and atmospheric circulation work in conjunction to bring cold climate and low SST to the western AP (Figure 5).




4.6. Warm and Dry Period at 500–0 cal yr BP (1450–1950 AD)


A generally low Δ13C anomaly was found during this interval, indicating a lack of productive conditions from 500 to 0 cal yr BP. This corresponds to a similar change on Signy Island, where generally low discrimination was seen for this period [28,29]. The δ18O record from core LIT-4 supports an extended dry period, with isotopic enrichment reaching its highest value around 450 cal yr BP. Despite isotopic evidence for unproductive conditions, there was a doubling of vertical accumulation rate at this time (from 0.3 to 0.6 mm/yr) (Figure 5B) as well as a peak in UOM at 500 cal yr BP and increased abundance in dry Polytrichum moss species [42]. Regionally, there is evidence that productivity in peatbanks of the AP began a slow recovery at 1850 AD [23]. At ca. 500 cal yr BP, there was the highest frequency of peatbank initiation, and this occurred after cold conditions indicated by moss peatbank kill ages [21]. Additionally, the ice-core record at JRI shows that −1 °C anomaly at 600–500 cal yr BP was followed by a consistent rise in temperatures [14] (Figure 5F). These factors together indicate that warm dry conditions persisted, so there might have been a longer growing season due to warming, the insolation heating affecting the peatbank by drying and increasing the decomposition. Regionally, during this time period, SAM intensified and reached its positive phase ca. 150 cal yr BP [9,10]. This would indicate that LAB had once again become dominant.



The inferred lower amount of moisture in the region during this period might have been due to a decoupling of ocean and atmospheric circulation. The SST at Palmer Deep decreased by up to 6 °C over this time [16], possibly reducing the amount of moisture sourced over the Bellingshausen Sea. In contrast, there was reduced sea ice at Barilari Bay, which again became seasonally open marine [17], indicating that ocean currents might have experienced regional heterogeneity at this time.




4.7. Modern Period over the Last 60 Years (1950–2014 AD)


Since 0 cal yr BP (1950 AD), there has been an increase in Δ13C concurrent with a δ18O negative excursion, suggesting a warm and wet climate. The ecology of the peatbank system supports this interpretation, with extremely tomentose Chorisodontium coming to dominate in core LIT-4 after a brief period of Polytrichum concurrent with accumulation rate increasing from 0.6 to 1.4 mm/yr, or a doubling of production over decomposition [42]. Regionally, there are multiple lines of evidence for wet conditions [21], including an increase in snowfall accumulation [50,51], a rapid rise in peatbank productivity [23], an increase in AP temperature anomaly [46], and a warmer SST [15] (Figure 5). These records indicate that modern climate patterns in the AP may be anomalously warm and wet in the context of the last 1700 years. However, our isotope record lends support to the hypothesis that, although anomalous, the climate of the last 60 years is not outside the range of natural variability.





5. Conclusions


Moss isotopes from peatbanks have proven to be informative for paleoclimate interpretations in the western Antarctic Peninsula. As recorders of summer terrestrial surface conditions, they show multi-centennial-scale patterns of changes in peatbank wetness and photosynthesizing conditions, indicating that atmospheric circulation is the dominant influence on moss ecology and productivity and therefore accumulation rates. In a paleoclimate context, regional conditions now are most similar to those ca. 1350 cal yr BP and may not be outside the range of natural variability. Furthermore, when comparing moss isotope records to marine or ice-core records, it is apparent that there is disagreement about the timing and trajectory of discrete events in the region. These events are likely forced by a combination of ocean SST and synoptic-scale atmospheric patterns that can work in conjunction to bring centuries of climate shifts to the Antarctic Peninsula region
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Figure 1. Antarctic Peninsula (AP) regional map and climate data: (A) Locations mentioned in text for the maritime Antarctic region and southern South America (yellow box shown in panel B); (B) locations of climate and paleoclimate records in the western AP near our study site, Litchfield Island; (C–E) air temperature data for summer (red) and winter (blue) for (C) Vernadsky Station (UKR), (D) Ushuaia (ARG), and (E) and Rothera Station (GBR). All weather station data are from [11], bathymetry sourced from [12] and digital elevation model from [13]. 
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Figure 2. Stable isotope (δ18O) measurements from the Global Network of Isotopes in Precipitation (GNIP) showing the seasonal variability in precipitations at stations north to south in the AP region: (A) Ushuaia (ARG); (B) King George Island; (C) Vernadsky Station (UKR), the closest to our study site; (D) and Rothera Station (GBR) [11]. 
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Figure 3. Stable isotope results for peatbank core LIT-4 from Litchfield Island: (A) δ13Ccellulose from C. aciphyllum with age uncertainty (shading); (B) ice-core measurements of atmospheric δ13CCO2 (red), smoothed curve (black dashed line), and CO2 concentration (black) [45]; (C) Δ13C for C. aciphyllum moss from core LIT-4 (see equation (1)) with age uncertainty (shading); (D) resampled 50-year intervals and calculated anomaly of Δ13C; (E) δ18Ocellulose from C. aciphyllum (samples smaller than the smallest reference noted in white) with age uncertainty (shading); (F) resampled 50-year intervals and calculated anomaly of δ18Ocellulose. 
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Figure 4. Correlation of δ18O vs. Δ13C from moss C. aciphyllum cellulose of peatbank core samples from Litchfield Island, Antarctica, compared with results from Signy Island [30]. There was a significant negative relationship (p < 0.01, r = −0.39) for our results. 
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Figure 5. Comparison of paleoclimate proxy records from Litchfield Island and other records near the AP: (A) core LIT-4 macrofossil relative abundance [42]; (B) core LIT-4 loss-on-ignition at 550 °C (black) and vertical accumulation rate (VAR; blue) [42]; (C) δ18Ocellulose for C. aciphyllum from core LIT-4 (black) and 50-year anomaly (brown/blue bars); (D) Δ13C for C. aciphyllum from core LIT-4 (black) and 50-year anomaly (red/blue bars); (E) Signy Island peatbank Δ13C [29]; (F) ice-core record of temperature anomaly from James Ross Island (JRI) [14]; (G) southern annular mode (SAM) index from [9] (grey) and [10] (black); (H) moss peatbank synthesis interpretations for the AP region [21]; (I) sea surface temperature (SST) from Palmer Deep [16]; (J) marine core interpretation from Barilari Bay [17]; (K) marine core interpretation from Bigo Bay [18]; (L) AP temperature anomaly [46]. 
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