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ABSTRACT 

  

The Southern Hemisphere Westerly Winds (SHWW) exert a critical control not 

only on regional climate in the Southern Hemisphere mid- and high-latitude regions, but 

also the global oceanic and atmospheric circulation, the biogeochemical cycle over the 

Southern Ocean, and the ice sheet in the Antarctic. However, the dynamic nature of the 

SHWW is still poorly known, which hinders our understanding of the future changes. 

Southern Patagonia is the only landmass intersecting the core belt of the SHWW, and 

regional climate is strongly shaped by the SHWW. There are rich Sphagnum-dominated 

peat bogs in southern Patagonia that have the potential to preserve the long-term SHWW 

variability. In this dissertation, through a systematic approach, I used stable isotopes in 

precipitation and peat mosses (Sphagnum) to present a new process-based understanding 

of the synoptic-scale climate dynamics in southern Patagonia that in turn reflect the 

dynamic nature of the SHWW. 

The dissertation includes four inter-related but distinct chapters. First, I use a 

data-driven framework to show that blocking of westerlies is an inherent part of regional 

synoptic weather types that likely could control long-term precipitation δ18O variability in 

southern Patagonia. Second, I provide a detailed analysis on physiological mechanisms 

underlying the carbon and water (hydrogen and oxygen) isotopic variations in peat 

mosses collected from southern Patagonian peat bogs. The results refine the potential of 

peat mosses for extracting paleoenvironmental information from peat archive. Third, I 

use a compilation of global peat mosses δ18O data to show that the biochemical 

enrichment factor in cellulose synthesis that has been assumed to be a constant of +27‰ 

is temperature-dependent with stronger sensitivity at lower temperature, thereby 

reconciling the competing interpretations of existing laboratory experimental data. 

Finally, I use paired Sphagnum cellulose δ13C and δ18O measurements from a 
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radiocarbon-dated peat core collected from Tierra del Fuego, southern Patagonia, to 

reconstruct the SHWW variability during the late Holocene. I find that multiple large-

magnitude shifts in synoptic-scale patterns occurred on centennial scale, with periods of 

much weakened SHWW and more frequent blocking conditions, which in turn are paced 

with the El Niño-Southern Oscillation. 
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PREFACE 

 

The Southern Hemisphere Westerly Winds (SHWW) play a critical role in 

regulating regional and global climate. Not only do the SHWW influence temperature 

variations in the mid- and high-latitude regions and steer storm tracks, but the SHWW 

also interact with Southern Ocean current and upwelling systems, thereby affecting CO2 

degassing and the global carbon cycle. A number of studies have investigated the SHWW 

variability on paleoclimate timescales to understand their dynamic nature thorough 

reconstructing precipitation variability associated with the dominant westerly flow. Such 

studies have regarded the SHWW as a simplistic zonal wind-flow but did not consider the 

role of other synoptic weather types that could predominate at regional scale within the 

SHWW belt. As a result, the SHWW dynamics over various timescales is still unclear 

with competing observations and hypotheses in literature. This knowledge gap presents a 

key challenge in understanding the interactions between the SHWW and Southern Ocean 

CO2 degassing process in the past, present, and future. In this dissertation, I focus on the 

prevailing synoptic-scale patterns in southern Patagonia and use paleoclimate data to 

provide new insights into the SHWW dynamics. 

As the only landmass in the SHWW realm, southern Patagonia has extensive 

peat-forming ecosystems including rain-fed Sphagnum-dominated peat bogs on the 

eastern side of the Andes. Peat bogs are natural archives of past environmental variability 

and have been the subject of such studies for about a century. Stable isotopes of peat-

forming plant remains are an emerging new proxy for extracting environmental 

information from peat records. In this dissertation, I further refine this approach for the 

“peat builder” Sphagnum mosses. 

Stable isotopes are a powerful tracer in earth and environmental sciences, being 

applied to a broad range of research questions, which will be the common theme 
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throughout this dissertation. The dissertation is constructed to understand the 

fundamental processes and mechanisms that govern the isotopic variations in 

precipitation and peat mosses in southern Patagonia, with an overarching goal to use 

isotope data from peat archive for providing cross-scale insights into climate dynamics. 

Chapter 1 is focused on the influence of synoptic-scale weather types and 

moisture transport pathways on precipitation δ18O in southern Patagonia by analyzing 28-

year-long monthly precipitation δ18O data from Punta Arenas, Chile. I develop a new 

framework to leverage the value of such monthly-composited precipitation δ18O data in 

identifying synoptic-scale mechanisms that could control the long-term precipitation δ18O 

variability. In this framework, weather station precipitation data and backward trajectory 

modeling are combined to quantify the relative role of key synoptic weather types on 

monthly basis. I find that precipitation δ18O in southern Patagonia is linked with the 

proportion of westerly-derived precipitation, while when the role of westerlies weakens, 

the synoptic weather types with blocking of westerlies become more important for 

regional precipitation. Such blocking-like conditions increase the proportion of 

precipitation derived from easterlies and northerlies that are characterized by higher δ18O 

values in precipitation. Along-trajectory data further show the varying degrees of rainout-

related fractionation for different moisture transport pathways, thereby linking 

precipitation δ18O with synoptic-scale atmospheric circulation pattern and, by extension, 

the SHWW strength. This study provides a process-based understanding on the synoptic 

controls on precipitation δ18O in southern Patagonia with implications for paleoclimate 

and paleoaltimetry studies in the SHWW realm. 

Chapter 2 is focused on the environmental controls on the isotopic signals in 

Sphagnum mosses. Although there have been quite a few studies on this topic, there is no 

coherent understanding of physiological mechanisms underlying the isotopic variations in 

Sphagnum. By collecting and analyzing Sphagnum samples from diverse 



 

5 

microtopographical locations in Patagonian peat bogs, I find that both Sphagnum 

cellulose and n-alkane δ13C show strong water film effect and are correlated with 

Sphagnum water content, while cellulose δ18O and n-alkane δ2H diverge in sensitivity to 

a common moisture gradient. Additional “bulk” leaf water isotope data reveal a complex 

mechanism for imprinting the signal of evaporative enrichment into cellulose δ18O, 

whereas there is a site-specific negative correlation between cellulose δ13C and δ18O. 

Isotopic signals in long Sphagnum strands, however, show that cellulose δ18O could track 

precipitation δ18O changes at sub-annual scale. These results together demonstrate the 

potential of Sphagnum for preserving various paleoenvironmental information in peat. I 

propose that a coupled carbon and water isotope measurements provide a robust approach 

in peat-based paleoclimate reconstruction and particularly in distinguishing autogenic and 

allogenic processes. 

Chapter 3 revisits the problem of the relationship between oxygen isotope 

fractionation in plant cellulose biosynthesis and temperature. Recently it has been shown 

that the biochemical enrichment factor, εbio, which had been always assumed to be a 

constant of +27‰, could increase with decreasing temperature, whereas there exist 

competing interpretations on these experimental results. I focus on Sphagnum mosses as 

a model plant and use a global compilation of Sphagnum cellulose δ18O data to extend the 

experimental results that the εbio is indeed temperature-dependent with a stronger 

sensitivity if temperature is below 5°C. This finding is inferred since natural Sphagnum 

mosses have many unique physiological characteristics, including the “water buffer” that 

minimizes the influence of evaporative enrichment in leaf water. As such, my 

observational dataset and approach circumvent the complex physiology for vascular 

plants and limitations brought by laboratory experiments. Although the temperature-

dependent εbio may only become an important factor in alpine and high-latitude regions or 



 

6 

in cold seasons, this factor should be considered in proxy system model for interpreting 

plant cellulose δ18O data in paleoclimate and plant physiology studies. 

Chapter 4 integrates all the new knowledge in the previous three chapters into 

developing a new 2000-year record of SHWW variability. I use dual measurements of 

Sphagnum cellulose δ13C and δ18O from a radiocarbon-dated peat core collected at Ariel 

Peatland in Tierra del Fuego to reconstruct past hydroclimate and atmospheric circulation 

patterns in southern Patagonia. The cellulose δ18O data show several centennial-scale 

shifts of at least 2‰, reflecting the dynamic changes in the SHWW that modulate 

synoptic-scale patterns over the Drake Passage. Notably, when the SHWW are weakened, 

an increasing occurrence of blocking-like conditions favor more frequent easterly flows 

that enhance moisture supply sourced from the Atlantic Ocean as a result of tropical 

teleconnection under the El Niño condition. This scenario challenges the simplistic view 

of the SHWW as a zonal wind-flow pattern, while my reconstruction demonstrates that 

regional climate in the SHWW realm is strongly controlled by synoptic-scale processes. 

Overall, the research presented in this dissertation will provide a new framework 

and opportunity for using precipitation isotope data to study the moisture transport; refine 

the physiological mechanisms that control isotopic variations in plants; expand the 

toolbox in paleoenvironmental analysis of peat cores; and advance our understanding of 

the Southern Hemisphere climate dynamics in the past and future. 
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Abstract 

 

Understanding the controlling factors on oxygen isotope composition of 

precipitation (δ18Op) on a regional scale is the basis for interpreting isotope-based 

paleoclimate and paleoaltimetry records. Here we analyzed 28-year-long monthly δ18Op 

data in the Global Network of Isotopes in Precipitation (GNIP) from Punta Arenas 

(Chile), to determine the dominant controls on monthly δ18Op variability in southern 

Patagonia. We combined weather station precipitation data and atmospheric back 

trajectories to quantify the proportions of precipitation derived from different trajectory 

clusters for each month. Results show that the proportion of westerly-derived 

precipitation is the key driver of δ18Op variability on monthly timescales, partly caused by 

the amplifying effect of Andean isotopic rain shadow, despite that the percentage 

distribution of westerly-derived precipitation is skewed towards 100% due to the 

dominance of the Southern Hemisphere westerly winds. When the westerlies are 

weakened, other moisture transport pathways become more important. In particular, 

increasing northerly-derived precipitation—with trajectory path evading the influence of 

Andean isotopic rain shadow and having less rainout—increases δ18Op. Reanalysis data 

indicate that the northerly-derived precipitation is related to blocking of the westerlies 

that would occur more frequently under the negative phase of the Southern Annular 

Mode. However, we did not find consistent evidence for the importance of the easterlies 

that were previously found to cause high δ18Op close to the Atlantic coast. Our results 

reinforce the argument that moisture transport pathways influence δ18Op due to synoptic-

scale atmospheric circulations in modern setting and might have played a more important 

role over long timescales. 
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1.1. Introduction 

Stable isotopes in water (δ18O and δ2H) have been widely used as geochemical 

tracers in the studies of water cycle from regional to global scales (Bowen et al., 2019). 

Isotopic fractionation occurs in water molecules during phase transitions modulated by 

transport and also biotic processes within the hydrological cycle, leading to distinct 

variations in isotopic compositions across the hydrosphere (Gat, 2010). Of particular 

importance is the isotopic composition in precipitation (most of studies focus on oxygen 

isotopes in precipitation, δ18Op) with a large number of data collected since the 1950s 

(Dansgaard, 1953). The δ18Op data showed empirical relationships with climatic variables 

such as air temperature in the high-latitude regions and precipitation amount in the 

tropical regions (Dansgaard, 1964). The Rayleigh distillation model that depicts isotopic 

fractionations in air mass rainout processes could explain much of δ18Op variability at 

various temporal and spatial scales in both observations and models (Dansgaard, 1964; 

Rozanski et al., 1993; Jouzel et al., 2000). These well-established relationships between 

δ18Op and climatic variables led to applying stable isotope proxies in terrestrial climate 

archives to reconstruct past hydrological and climatic conditions (e.g., Libby et al., 1976; 

Jouzel et al., 1987; von Grafenstein et al., 1999; Wang et al., 2001). Over geological 

timescales, because of the strong connections among topography, climate, and 

atmospheric circulations, stable isotopes also have been used as proxies for terrain 

elevation to reconstruct landscape evolution (e.g., Chamberlain & Poage, 2000; Blisniuk 

et al., 2005). However, studies also revealed that the drivers controlling δ18Op variations 

are more complex and that air mass origin and history (Rindsberger et al., 1983; Sjostrom 

& Welker, 2009; Bailey et al., 2019), in-cloud and below-cloud processes (Risi et al., 

2008; Aggarwal et al., 2016; Crawford et al., 2017), as well as moisture recycling 

(Friedman et al., 2002; Winnick et al., 2014; Kong & Pang, 2016), are also important in 

some regions. It is particularly relevant in regions with complex terrain, where regional 
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topographic features can additionally influence air mass transport and water vapor 

condensation, and consequently the isotopic fractionations in water vapor and 

precipitation (Galewsky, 2009; Guan et al., 2009; Sinclair et al., 2011; Lechler & 

Galewsky, 2013; Callow et al., 2014; Bailey et al., 2019). 

Monitoring temporal variations in δ18Op provides an excellent opportunity to 

elucidate the confounding factors that influence δ18Op for a specific location or region. 

For many studies of this kind, precipitation samples were collected for individual events 

or at daily intervals. Rather than simply analyzing the relationships between δ18Op and 

local meteorological parameters, event-based studies usually link the δ18Op signal in each 

individual sample with the origin and history of an air mass preceding that event or a 

specific synoptic weather type (e.g., Friedman et al., 2002; Mayr et al., 2007a; Barras & 

Simmonds, 2008; Sjostrom & Welker, 2009; Crawford et al., 2013; Wang et al., 2017; 

Bailey et al., 2019), using tools such as the U.S. National Oceanic and Atmospheric 

Administration (NOAA) Air Resources Laboratory (ARL) Hybrid Single-Particle 

Lagrangian Integrated Trajectory (HYSPLIT) model (Stein et al., 2015). The rationale 

behind this practice is that the δ18Op signal reflects isotopic fractionation that occurs in 

evaporative source and during moisture transport more than local meteorology (Putman 

et al., 2017), although precipitation type (convective vs. stratiform) is also an important 

local factor affecting δ18Op in the tropical and mid-latitude regions (Aggarwal et al., 

2016; Sun et al., 2019). Another important precipitation isotope database is the Global 

Network of Isotopes in Precipitation (GNIP) that archive isotope data from monthly-

composited precipitation (IAEA/WMO, 2019). Because isotope data from monthly-

composited precipitation may have mixed isotopic signals from multiple precipitation 

events during that month, studies using GNIP data usually focus on precipitation isotope 

seasonality, long term trends, empirical relationship with climatic variables, and statistics 

of meteoric water lines inferred from each individual GNIP station (Rozanski et al., 
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1993). The influence of moisture sources and transport pathways on individual GNIP 

monthly δ18Op observations is rarely explored (Bailey et al., 2015) due to the mixing 

signals from multiple precipitation events that make identifying process-based 

mechanisms difficult (Bailey et al., 2019). In fact, some of the GNIP stations have 

observational data over several decades. These observational data encompass longer-term 

δ18Op variability originated from shifts in prevailing synoptic-scale atmospheric 

circulation patterns than event-based data that usually only span one or a few years 

(Sjostrom & Welker, 2009). 

 Here, we developed a new framework to leverage the value of GNIP monthly-

composited δ18Op data in identifying process-based synoptic-scale mechanisms that 

control δ18Op variability. We analyzed 28-year-long GNIP monthly δ18Op data from Punta 

Arenas (Chile) to understand the influence of moisture transport pathways on monthly-

composited δ18Op in southern Patagonia, a region surrounded by ocean and with complex 

terrain. Southern Patagonia is in the core belt of the Southern Hemisphere Westerly 

Winds (SHWW) that exert strong and year-round influence on regional climate. Previous 

isotope-based paleoclimate and paleoaltimetry studies in this region (and northern 

Patagonia) assumed that the westerlies—that pass over the Andes—are the sole moisture 

transport path for the eastern side of Patagonia (Blisniuk et al., 2005; Colwyn et al., 2019; 

Colwyn & Hren, 2019), but did not consider any shifts in prevailing synoptic-scale 

atmospheric circulations that would have modified the moisture transport paths and 

consequently the observed δ18Op signals (Xia et al., 2018). To extract the effect of 

moisture trajectory paths on monthly-composited δ18Op, if any, we combined weather 

station precipitation data and the HYSPLIT back-trajectory model to quantify the 

proportions of precipitation attributed to different trajectory clusters for each month. The 

aim of this study is to answer the following three questions: (1) Are the prevailing 

SHWW the sole moisture transport pathway in southern Patagonia? (2) Does the 
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proportion of westerly-derived precipitation influence δ18Op in southern Patagonia? (3) Is 

the proportion of westerly-derived precipitation linked with synoptic-scale atmospheric 

circulation pattern? 

 

1.2. Regional setting 

Punta Arenas is the capital city of Chile’s southernmost Magallanes Region, and 

one of the southernmost cities in the world. The city is situated with the Strait of 

Magellan to the east and low-lying hills and plateaus to the west. The GNIP Punta Arenas 

station (53.00°S, 70.83°W, 38 m above sea level (asl)) is located ~20 km north of the 

main city at Punta Arenas airport (PUQ). The local terrain to the west is flat at airport 

without low-lying hills and plateaus, unlike the main city. 

Punta Arenas is in the unique topographic context of southern Patagonia where 

climate is strongly influenced by the interaction between the strong SHWW and the 

north-to-south oriented Andean mountain ranges (Figure 1.1). A large precipitation 

gradient occurs from the Pacific to Atlantic coasts as a result of uplift and downslope 

subsidence of westerlies and their embedded disturbances (Garreaud et al., 2013; 

Lenaerts et al., 2014). Therefore, Punta Arenas (including its airport) is clearly in the 

Andean rain shadow (Berman et al., 2012), although the Andean topographic barrier on 

the west is lower, with most terrain elevations less than 1000 m asl, than the rest of 

Patagonia (Figure 1.1). The mean annual precipitation amount in Punta Arenas airport 

was 402 mm, based on data from the Global Historical Climatology Network (GHCN) 

Version 2 (NOAA, 2019) during the period 1990–2017. It is an order of magnitude less 

than Andean locations in the same latitude where mean annual precipitation amounts are 

more than 3000 mm (Schneider et al., 2003; Weidemann et al., 2018). Our analysis of 

combined wind sensor and precipitation data from airport weather station indicates that 

“local” westerlies (NW, WNW, W, WSW, and SW) account for 72% of total hours but 
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only 41% of total precipitation amount during the period 1990–2017 (Figures A1a and 

A1b). In terms of the quotient between precipitation and frequency of the respective 

“local” wind direction (Mayr et al., 2007b), however, “local” non-westerlies are over 

three times more effective in bringing precipitation to Punta Arenas (Figure A1c). This 

reinforces the prevailing rain shadow effect on the leeward side of the Andes, while 

westerlies are still able, although less effectively, to deliver moisture to Punta Arenas. 

The influence of the SHWW on Punta Arenas is year-round. During austral 

summer, the SHWW form a condensed and strong belt between 45°S and 55°S and 

maximum wind speeds are reached in Punta Arenas. During austral winter, the SHWW 

belt expands northward as far as 30°S while the wind speed only relatively weakens in 

the south, including at Punta Arenas (Garreaud et al., 2009). Despite the seasonal 

variations in the SHWW, the seasonality of precipitation in Punta Arenas is very weak 

with only slightly more precipitation during austral autumn (Daley et al., 2012). The 

mean annual air temperature in Punta Arenas airport was 6.2 °C, while the mean warmest 

month (January) air temperature was 10.8 °C and the mean coldest month (July) air 

temperature was 1.6 °C during the period 1990–2017 based on data from GHCN Version 

3 (NOAA, 2019). 

Inter-annual or long-term climate variability in southern Patagonia is tied to the 

large-scale Southern Annular Mode (SAM), which is defined as the difference in zonal 

mean sea level pressure (SLP) between 40° S and 65° S (Marshall, 2003). This pressure 

gradient controls hemisphere-wide strength and latitudinal position of the SHWW, and 

consequently, their associated storm tracks. Instrumental and reanalysis data suggest the 

leading role of the SAM on both temperature and precipitation patterns in broad regions 

of the extratropical Southern Hemisphere, including southern Patagonia (Gillett et al., 

2006; Garreaud et al., 2009). Specifically, a positive phase of the SAM, through stronger 

and southwardly positioned SHWW, increases air temperature but only marginally 
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decreases precipitation in the domain of Punta Arenas, and vice versa (Gillett et al., 2006; 

Garreaud et al., 2009; Moreno et al., 2014). The weak influence of the SAM on 

precipitation in southern Patagonia is partly due to the fact that the SAM is a hemisphere-

wide climate mode, while regional precipitation variability is mostly tied to synoptic-

scale processes. 

 

1.3. Data and methods 

1.3.1. GNIP isotope data 

 Monthly precipitation isotope data from the GNIP Punta Arenas (airport) station 

are available from 1990 to 2017 with some short data gaps (Table A1) (IAEA/WMO, 

2019). In total there are 298 individual δ18Op measurements. The dataset contains some 

very high or even positive δ18Op values after 2002 (see Figure 1.2b), which have been 

pointed out by Daley et al. (2012). These samples likely experienced evaporation for 

unknown reasons, and the reason why these very high δ18Op values only appeared after 

2002 is unknown. Since 2010, GNIP Punta Arenas station has started to label isotope data 

that showed a hint of evaporation if the calculated deuterium excess (d-excess, defined as 

δ2H – 8 × δ18O) value was below zero, although some of these potential problematic data 

were not necessarily impacted by sample evaporation as d-excess usually have a 

relatively large scatter and a value lower than zero is not unusual in maritime climate 

(Gat, 2010) such as in Punta Arenas. For the following HYSPLIT analysis, we filtered 

out GNIP data by removing those δ18Op data that were above –3‰ or that had 

corresponding d-excess below –10‰ (Figure 1.2a). These criteria were subjectively 

chosen but reasonable as δ18Op and d-excess values falling in these ranges are indeed too 

extreme to occur in monthly-composited precipitation at this latitude. Another GNIP 

station in Ushuaia (Argentina), located ~250 km southeast to Punta Arenas (see Figure 

1.1), does not have any δ18Op data above –6.8‰ during its monitoring period 1981–2002. 
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These two stations have a similar climate, yet Punta Arenas has a weighted mean annual 

δ18Op value 2–3‰ higher than Ushuaia; the exact value depends on how the potential 

outliers in both datasets are treated (Daley et al., 2012). Considering this 2–3‰ offset 

would justify our conservative cut-off value (–3‰) for δ18Op. There are a few data with 

d-excess below –10‰ in Ushuaia likely due to sample evaporation as well, but these data 

only occurred before 1988 and were not an intermittent and common feature. This 

observation would also justify our cut-off value (–10‰) for d-excess. Nonetheless, we 

cannot rule out the small possibility that a few of these anomalously high δ18Op or low d-

excess values are naturally occurring. If they were, the collected precipitation samples 

might be caused by a dominant contribution of local convective precipitation (Aggarwal 

et al., 2016; Sun et al., 2019) or by a significant role of raindrop post-condensation re-

evaporation (Mayr et al., 2007a; Crawford et al., 2017). Both mechanisms would 

underplay the role of large-scale moisture transport pathway in shaping the δ18Op value, 

thus removing a few of such values does not affect our analysis on robust data. We also 

removed two very low monthly δ18Op values. These two data points appear out of bound 

of typical observations (Figure 1.2a) and likely suggest additional factors that are not 

considered in our HYSPLIT framework, otherwise these two extremes would have 

skewed the analysis. After the step of data filtering (all filtered out data are listed in Table 

A1), we obtained a final dataset with 265 δ18Op measurements. Each δ18Op datum has a 

corresponding d-excess value calculated from its paired δ2Hp (hydrogen isotope 

composition of precipitation) datum. 

 Among the selected data, it is clear that monthly air temperature has a primary 

control on monthly δ18Op value as shown by a significant, though weak, linear correlation 

(p < 0.001) (Figure 1.2c). By contrast, monthly precipitation amount is not significantly 

correlated with monthly δ18Op at the 0.05 significance level (p = 0.07) (Figure 1.2d). 
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A linear regression yields the relationship between monthly δ18Op and monthly air 

temperature (T) as: 

δ
18

Op = 0.403 × T – 12.075 (r = 0.50) 1  (1) 

where data for T are from GHCN version 3 (NOAA, 2019) (Figure 1.2c). The observed 

seasonality in δ18Op is a prevalent phenomenon across the mid- and high-latitude regions 

even in maritime climate (Gat, 2010). This δ18Op seasonality is driven by multiple 

processes including changing moisture source region and condition as well as changing 

transport path and condensation history of water vapor among different seasons via the 

Rayleigh mechanism (Rozanski et al., 1993; Gat, 2010; Putman et al., 2017). These net 

effects on δ18Op can be simply summarized by the empirical correlation with local air 

temperature. However, monthly air temperature is no more significantly correlated with 

δ18Op for summer (December–February; DJF) (p = 0.52) and winter (June–August; JJA) 

(p = 0.67), and it explains less variance in δ18Op for autumn (March–May; MAM) (r = 

0.38, p < 0.01) and spring (September–November; SON) (r = 0.38, p < 0.01). We define 

the δ18Op residual (δ
18

Op
e
 1 ) as the observed δ18Op value (δ

18
Op

o
 1 ) minus the regressed δ18Op 

value ( δ
18

Op
r
 1 ) in equation (1): 

δ
18

Op
e  = δ18

Op
o – δ18

Op
r
 1  (2)  

which allows us to explore the influence of moisture transport pathway on monthly δ18Op 

variability that is unrelated to δ18Op seasonality and/or air temperature. This approach is 

similar but not the same with the multivariate regression approach by Krklec and 

Domínguez-Villar (2014) who included both air temperature and monthly percentages of 

different moisture sources into their multivariate models. 

 

1.3.2. Weather station precipitation data 

Punta Arenas airport cumulative precipitation amount data at 6-hour intervals (at 

UTC time 00/06/12/18 hour) are provided by the Dirección Meteorológica de Chile 
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(available for download at https://climatologia.meteochile.gob.cl). The data were 

collected by Punta Arenas airport weather station. This same weather station also reports 

monthly climatology data to the GHCN (as presented in Section 1.3.1) and operates 

isotope sample collection for the GNIP (Stefan Terzer-Wassmuth, personal 

communication, 2019). The quality of 6-hour cumulative precipitation data is robust as 

we find the monthly cumulative precipitation amount data, calculated from the sum of all 

6-hour precipitation data for each month, are clustering on the 1:1 line when plotted 

against either reported GHCN or GNIP monthly precipitation amount data (Figures A2a 

and A2b). Precipitation events (at least 0.1 mm) were recorded during 17% of all 6-hour 

intervals. With this 6-hour cumulative precipitation data, we can explicitly know the time 

and precipitation amount of each precipitation event that together constitute the monthly 

precipitation sample that GNIP measured for isotopic composition. 

 

1.3.3. Air mass back trajectories 

We run HYSPLIT back-trajectory model to reconstruct the origin and path of air 

mass that resulted in precipitation event recorded by the weather station described above. 

We employed a Python-based package for HYSPLIT (PySPLIT) to achieve a fast and 

flexible workflow in trajectory generation and analysis (Cross, 2015). Five-day (120-

hour) air mass backward trajectory was generated four times (at UTC time 00/06/12/18 

hour) for each day from 1990 to 2017 to match with the 6-hour cumulative precipitation 

data from weather station. We tested four different initial back-trajectory heights at 500, 

1000, 1500, and 2000 m above ground level (agl). For gridded meteorological datasets, 

we used the Global Data Assimilation System (GDAS) reanalysis dataset (1.0° spatial 

resolution) for the period 2005–2017. For the period 1990–2004 during which the GDAS 

dataset was not available, we used the National Centers for Environmental 

Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis dataset 
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(2.5° spatial resolution). Both datasets are archived on NOAA ARL website 

(https://www.ready.noaa.gov/archives.php) (Kalnay et al., 1996). Based on the 6-hour 

cumulative precipitation data from weather station, trajectory files that are not 

“precipitation-producing” were deleted. Then, all remaining trajectory files used for 

analysis are associated with documented precipitation events. To visualize the general 

trajectory pathway and to compare the difference between different initial back-trajectory 

heights and between gridded meteorological datasets, we generated trajectory frequency 

contours by binning all trajectory end point data in each 1.0° grid following Xia et al. 

(2018). 

 

1.3.4. Trajectory clustering 

For each initial back-trajectory height, we grouped our trajectories into four 

clusters based on where trajectories entered into southern Patagonian landmass. Although 

HYSPLIT GUI has provided a k-means clustering algorithm, it suggests that only a large 

number of clusters are appropriate to represent all trajectories in an acceptably low total 

spatial variance. To simplify the solution, we grouped trajectories based on the locations 

of back-trajectory end points when trajectories came across the eastern, northern, 

western, and southern boundaries of southern Patagonian landmass (Figure A3). These 

trajectories were then clustered as the distal easterlies, northerlies, westerlies, and 

southerlies, respectively (Figure 1.3). These trajectory clusters represent major synoptic 

weather types in this region (see Schneider et al., 2003). Here the word “distal” is to 

discern our definition of air mass transport direction that is based on modeling its back-

trajectory over a course of time from those define transport direction based on “local” 

weather station wind direction (e.g., Figure A1 introduced in Section 1.2 and Bailey et 

al., 2019). Using four simplified distal trajectory clusters reflects our goal that we are 

mainly interested in how Patagonian “upstream” terrains influence δ18Op in relatively 
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inland Punta Arenas. Costal terrains on western (the Andes) and southern (the Cordillera 

Darwin) boundaries would produce the isotopic rain shadow effect (Chamberlain & 

Poage, 2000; Stern & Blisniuk, 2002) on their leeward side—air masses would have to 

experience orographic uplift, condensation, and rainout before reaching Punta Arenas 

(Figure 1.1). By contrast, terrains on northern and eastern boundaries are relatively flat 

without main topographic barrier, thus air masses would experience different degrees of 

fractionation. 

To further understand the rainout processes that occur among different trajectory 

clusters, we calculated median, lower quartile, and upper quartile values for specific 

humidity and precipitation rate (both are meteorological output variables in HYSPLIT) in 

each hour along modeled trajectories. The meteorological output variables have been 

used to characterize air mass rainout history in some event-based studies (e.g., Barras & 

Simmonds, 2008; Crawford et al., 2017). In reality, each trajectory has its own air mass 

history, not only in terms of trajectory path but also along-trajectory meteorological data. 

Thus, the aim of this analysis is to characterize the general evolutions of air masses in 

different trajectory clusters rather than to quantitively model the degree of rainout and 

isotopic fractionation in air masses. 

 

1.3.5. Proportion of precipitation from different trajectory clusters 

Because each trajectory is corresponding to a 6-hour precipitation event, then the 

fraction of each trajectory cluster contributing to monthly total precipitation is calculated 

as (using the cluster of distal easterlies as an example): 

dE  %  = 
 p

E

P
 × 100% 1 (3) 

where dE is the percentage of distal easterly-derived precipitation, ΣpE is the sum of 

distal easterly-derived 6-hour precipitation, and P is the sum of all 6-hour precipitation 
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for a particular month. Following the equation (3), the percentages of distal northerly-

derived (dN), westerly-derived (dW), and southerly-derived (dS) precipitation can be also 

calculated (Figure 1.3). As such, we could quantify the contributions of major synoptic 

weather types to total monthly precipitation. 

 To investigate the influence of moisture transport pathways on δ18Op in Punta 

Arenas, we evaluated if δ
18

Op
e
 1  metric is significantly correlated with dE, dN, dW, and dS, 

using Pearson correlation coefficient. The statistical analysis was run for four different 

austral seasons and also all months combined. Correlation is considered significant if p-

value is less than 0.1. If so, it would indicate that precipitation derived from that 

trajectory cluster has on average a distinct high or low δ18Op value relative to others, 

leading to statistical correlation between its proportion and monthly δ
18

Op
e
 1  in our 

framework. If significant correlation was found between δ
18

Op
e
 1  and dW within a specific 

season, we calculated the regression coefficient (the slope of the regression line) to 

determine the sensitivity of δ18Op to changing proportion of westerly-derived 

precipitation. To further investigate the cause for the distinct δ18Op value in certain 

trajectory cluster, we run a similar analysis of d-excess data to diagnose if moisture 

recycling or post-condensation raindrop re-evaporation is the driver of δ18Op. 

 To understand the prevailing synoptic-scale atmospheric circulation patterns that 

drive variations in the proportions of distal easterly- and northerly-derived precipitation, 

we examined their spatial relationships with SLP and zonal wind speed fields from the 

independent European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-

interim reanalysis product on KNMI Climate Explorer (https://climexp.knmi.nl/). Spatial 

correlation is considered significant if p-value is less than 0.1. 
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1.4. Results and Discussion 

1.4.1 Precipitation origin from the HYSPLIT framework 

Mean monthly proportions of precipitation derived from the HYSPLIT 

framework are consistent with empirical observations that the strong SHWW belt 

dominates over Punta Arenas all year long (Table 1.1). The distal westerlies for all 

months combined contribute at least 76.4% of precipitation despite that Punta Arenas is 

on the leeward side of the Andes under the influence of the SHWW. In general, the dW 

histogram is highly skewed towards the range of 95–100%, meaning that for most months 

the dW are higher than 95% while other trajectory cluster proportions are less than 5% 

(Figure A4). The dW have clear seasonal variations that are also consistent with the 

observed SHWW seasonal migration (see Section 1.2). The dW are higher and lower 

during summer and winter, respectively, while the shoulder seasons (autumn and spring) 

have intermediate dW (Table 1.1).  

The derived monthly proportions of precipitation for each trajectory cluster are 

sensitive to the meteorological reanalysis dataset used for modeling back trajectories. 

Although back trajectories were modeled over different periods, using the GDAS 

reanalysis dataset would generate lower dW than using the NCEP/NCAR reanalysis 

dataset, especially during winter by at least 10%, but not for summer (Table 1.1). In 

addition, using GDAS would also generate higher dE than dN, while using NCEP/NCAR 

would generate the opposite. Considering that the NCEP/NCAR reanalysis dataset has a 

lower resolution, some of their modeled back-trajectory paths likely would be deflected 

compared to the GDAS-based back-trajectory paths, leading to biased mean estimates on 

the origin of precipitation. Therefore, back-trajectory clustering results for periods 1990–

2004 and 2005–2017 should be treated separately in the following discussion because 

these were derived from different meteorological reanalysis datasets. 
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Furthermore, the derived monthly proportions of precipitation for each trajectory 

cluster are also sensitive to the choice of initial back-trajectory height. Although the four 

selected initial back-trajectory heights represent the levels at which most of atmospheric 

moisture is entrained (Bershaw et al., 2012), higher initial back-trajectory heights would 

generate higher dW. These results demonstrate the role of boundary-layer wind shear on 

modifying back-trajectory path, although many studies have concluded that different 

initial back-trajectory heights would not affect the general path of back-trajectory 

(Bershaw et al., 2012; Krklec & Domínguez-Villar, 2014; Fiorella et al., 2015; 

Brittingham et al., 2019). The influence of initial back-trajectory height is also illustrated 

in the plots of precipitation-producing trajectory frequency contours that encompassed 

the Atlantic Ocean and northern Patagonia underscoring distal easterlies and northerlies 

when back trajectories were initiated at 500 m agl (Figures 1.4a and 1.4c), but not so 

when back trajectories were initiated at higher levels (Figures 1.4b and 1.4d). 

 

1.4.2. The influence of moisture transport pathways on δ18Op 

In the correlation coefficient heat map (Figure 1.5), the statistically significant 

correlation pairs are mainly found when trajectories were modeled at initial heights of 

1500 m and 2000 m agl. No significant correlation is found if initial back-trajectory 

height was 500 m agl, although a lower initial back-trajectory height tends to better 

represent the synoptic weather types related to non-westerlies as shown in Table 1.1 and 

Figure 1.4. If different trajectory clusters indeed have distinct δ18Op values and their 

monthly variations can influence monthly-composited δ18Op in Punta Arenas, the results 

shown in Figure 1.5 might indicate that the 1500 and 2000 m agl levels are close to the 

actual heights of water vapor transport. Therefore, we mainly discuss the results derived 

from the initial back-trajectory heights of 1500 and 2000 m agl. 
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The dW show negative correlations with δ
18

Op
e
 1  when all months are combined in 

both GDAS- and NCEP/NCAR-based results. The statistically significant correlation is 

mainly manifested during winter for the NCEP/NCAR reanalysis dataset, and during 

shoulder seasons for the GDAS reanalysis dataset. Neither GDAS nor NCEP/NCAR 

reanalysis datasets generated statistically significant correlation between dW and δ
18

Op
e
 1  in 

summer, while the GDAS reanalysis dataset generated negative correlations between dS 

and δ
18

Op
e
 1  in summer. The dN show positive correlations with δ

18
Op

e
 1  when all months are 

combined or within a specific season (except summer). These positive correlations are 

found in both GDAS and NCEP/NCAR-based results. For dE, the results diverge 

between the GDAS and NCEP/NCAR reanalysis datasets. Specifically, the NCEP/NCAR 

reanalysis dataset did not generate any statistically significant correlation between dE and 

δ
18

Op
e
 1 , while the GDAS reanalysis dataset did generate significant correlation between dE 

and δ
18

Op
e
 1 , but it is negative during winter and positive during autumn (Figure 1.5). 

Our results present evidence that an increasing proportion of distal westerly-

derived precipitation decreases δ18Op in Punta Arenas. This moisture transport pathway 

effect is not manifested for summer during which the SHWW strength reaches maximum 

at this latitude and causes the distal westerlies almost the sole moisture transport pathway 

(Table 1.1). Nonetheless, an increasing proportion of distal southerly-derived 

precipitation might be able to decrease δ18Op during summer, although in general 

southerlies contribute very little to total precipitation (Table 1.1). These findings are 

consistent with the Rayleigh distillation model that predicts lower δ18Op on the leeward 

side of mountains due to the “upstream” orographic and rainout effects of westerlies 

(Stern & Blisniuk, 2002) and potentially southerlies. This isotopic rain shadow effect 

may not be as strong as other parts of Patagonia due to the lower Andean elevation at the 

latitude of Punta Arenas (Figure 1.1), but our analysis still demonstrated this link. Along-

trajectory meteorological data in distal westerlies indeed show orographic rainout during 
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air mass transport. The specific humidity starts to slightly decrease about 5 hours prior to 

reaching Punta Arenas (Figure 1.6e). The precipitation rate increases and decreases about 

10 hours and 3 hours before reaching Punta Arenas, respectively, consistent with the 

orographic effect as “wet windward and dry leeward” conditions (Figure 1.6f). 

The decrease in the proportion of distal westerly-derived precipitation implies that 

precipitation derived from secondary transport pathways become more important, in 

particular the distal easterlies and northerlies (Table 1.1). However, because the 

NCEP/NCAR and GDAS reanalysis datasets have discrepancy in resolving the trajectory 

paths for distal easterlies and northerlies, caution should be taken in our interpretations. 

For the higher-resolution GDAS dataset, an increasing proportion of distal northerly-

derived precipitation would increase δ18Op, meaning that distal northerly-derived 

precipitation has a relatively higher δ18Op. There are two possible causes. First, distal 

northerlies tend to have a less orographic rainout during moisture transport. This is 

supported by along-trajectory meteorological data showing that the specific humidity 

does not have appreciable changes, although the specific humidity does slightly decrease 

if initial back-trajectory height was 2000 m agl (Figure 1.6c). In addition, the 

precipitation rate increases only around 4 hours prior to reaching Punta Arenas, unlike 

distal westerlies that show clear “up-and-down” pattern (Figure 1.6f). Second, air masses 

associated with distal northerlies are likely supplied by recycled moisture through plant 

transpiration flux. In reality, the distal northerlies in our HYSPLIT framework have a 

longer transport length on continent, similar to the setting with a stronger isotopic 

“continental effect” that should have increased the degree of rainout and decreased δ18Op 

(Dansgaard, 1964; Rozanski et al., 1993). However, only minimal changes in along-

trajectory specific humidity require an efficient moisture recycling. If most of the 

moisture were recycled through evaporation of surface water from landmass, which 

induced an additional kinetic fractionation, we would expect a lower δ18Op signal for 
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distal northerlies, in opposite to the results. Therefore, it is possible that plant 

transpiration from Patagonian grasslands, which return water vapor without kinetic 

fractionation, might account for the majority of evapotranspiration flux (Jasechko et al., 

2013). Recent studies have paid attention to the role of grassland ecosystem in 

modulating the hydrological cycle, as grasslands are efficient in recycling moisture and 

could reach a dynamic balance between precipitation and evapotranspiration fluxes (Mix 

et al., 2013; Chamberlain et al., 2014). This role of grassland transpiration is at least 

supported by the finding that the d-excess—a metric that would have been higher if the 

proportion of recycled moisture through evaporation was higher (Gat et al., 1994)—is not 

significantly correlated with dN except during spring (Figure 1.7). In fact, we found that 

the dW and dE are negatively and positively correlated with d-excess, respectively 

(Figure 1.7). We speculate that the degree of raindrop post-condensation re-evaporation 

is the main mechanism controlling d-excess variability in Punta Arenas. Specifically, 

distal westerlies have a higher proportion of drizzle precipitation (Figure 1.8) in which 

raindrop re-evaporation is significant in decreasing d-excess (Mayr et al., 2007a), while 

distal easterlies have a higher precipitation rate, thereby minimizing the raindrop re-

evaporation effect (Figure 1.8). Precipitation event samples collected at Río Gallegos and 

Laguna Potrok Aike in eastern Patagonia (Mayr et al., 2007a; see Figure 1.1 for 

locations) and other semi-arid regions such as southeast Australia (Crawford et al., 2017) 

also showed that drizzle precipitation was subjective to raindrop re-evaporation and 

support our speculation. Nonetheless, grassland transpiration flux is also seasonal and 

probably only dominant during warmer seasons when biomass is built up (Mix et al., 

2013). Additional studies are needed to partition evaporation and transpiration fluxes 

from terrestrial ecosystems and to investigate their effects on stable isotope compositions 

of water vapor and precipitation. 
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For GDAS-based distal easterlies, from along-trajectory meteorological data we 

found that the specific humidity decreases around 10 hours prior to reaching Punta 

Arenas (Figure 1.6a). At the same time, the precipitation rate increases and remains high 

(Figure 1.6b). Such a sustained rainout process would likely result in lower δ18Op with 

increasing dE. This could occur if δ18Op derived from distal easterlies was even relatively 

lower than that derived from other trajectory clusters, in particular the distal westerlies. 

This scenario is, however, only found in winter, while the direction of correlation shifts 

to opposite in autumn (Figure 1.5). To understand the reason for this seasonal shift in the 

correlation between dE and δ
18

Op
e
 1 , we examined the along-trajectory specific humidity 

and precipitation rate changes separately for these two seasons (Figure A5). The results 

show that the sustained rainout might be the case for winter, but not for autumn. In the 

latter case, the precipitation rate decreases around 5 hours prior to reaching Punta Arenas, 

thus decreasing the degree of rainout en route to Punta Arenas (Figure A5d). Overall, 

these results indicate that the degree of rainout en route to Punta Arenas matters for δ18Op 

in distal easterlies for different seasons. 

The along-trajectory meteorological data from the lower-resolution NCEP/NCAR 

reanalysis dataset show patterns discrete and less clear than the GDAS reanalysis dataset, 

although the key characteristics for distal westerlies shown in GDAS is also reproduced 

(Figure A6). As mentioned in Section 1.4.1, the trajectory paths modeled from the 

NCEP/NCAR dataset might be deflected, particularly for distal northerlies that were 

relatively overestimated compared to GDAS, thus along-trajectory meteorological data 

might be misleading. Instead, we focus on the general synoptic-scale atmospheric 

circulation patterns that might have caused high dN. With independent ERA-interim 

reanalysis fields, we found that the dN is correlated with negative SLP anomaly over 

northwestern Patagonia and its adjacent Pacific Ocean, and positive SLP anomaly 

centered over the eastern Antarctic Peninsula (Figure 1.9e). This synoptic-scale feature 
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resembles a regional negative phase of the SAM and provides high-latitude blocking for 

the westerlies (Figure 1.9f) (Agosta et al., 2015). The dE also show a similar but weaker 

correlation with SLP or zonal wind speed fields (Figures 1.9g and 1.9h). Therefore, 

although the trajectory paths for distal easterlies and northerlies modeled from the 

NCEP/NCAR reanalysis dataset are less reliable than GDAS, their synoptic-scale 

features are not. 

 

1.4.3. Implications for paleoclimate and paleoaltimetry reconstruction 

The response of δ
18

Op
e
 1  to dW in Punta Arenas as shown in our analysis indicates 

that δ18Op variations preserved in terrestrial climate archives on the leeward side of the 

Andes are suitable for reconstructing past variability of the SHWW. When the SHWW 

were strengthened at this latitude, regional precipitation is governed by prevailing 

westerlies and their associated storm tracks (Garreaud, 2007; Garreaud et al., 2013). 

When the SHWW were weakened with an overall reduced SLP gradient over the Drake 

Passage (Figure 1.9), other moisture transport pathways such as easterlies and northerlies 

that are often a result of occasional atmospheric blockings would become more 

important. A progressively positive shift in the SAM and an overall strengthening and 

poleward shift in the SHWW and their associated storm tracks during recent decades 

have been observed (Marshall, 2003; Abram et al., 2014). The current dominance of 

SHWW is, however, not always the case in the past. For instance, proxy data have shown 

that the SAM was in an extreme negative phase during the fifteenth century, meaning that 

the SHWW strength was much reduced during that time (Abram et al., 2014). Therefore, 

the role of other moisture transport pathways during the waning of SHWW is important 

for understanding the connection between the SHWW and δ18Op. 

A previous study close to the Atlantic coast (Río Gallegos and Laguna Potrok 

Aike (see Figure 1.1) suggested that precipitation event samples associated with easterlies 



 

28 

and northerlies have δ18Op signals ~7‰ higher than westerlies due to a much less 

orographic and rainout effect (Mayr et al., 2007a). However, our results presented here 

show that an increasing dE does not necessarily increases δ18Op but could decrease δ18Op 

in Punta Arenas during winter when the rainout effect is significant for easterlies. This 

may reflect the fact that Punta Arenas is in a central locus of Patagonian landmass, ~170 

km away from the Atlantic coast. In addition, the Andean divide at this latitude is not as 

high as other parts of Patagonia. This may further reduce the “upstream” fractionation 

that has occurred in air masses delivered by westerlies. Therefore, terrestrial climate 

archives such as lakes and peat bogs closer to the Atlantic Ocean would be more sensitive 

in detecting the long-term variability in the SHWW from the δ18Op records. Indeed, 

sensitivity analysis indicates that a 20% less westerly-derived precipitation could cause a 

0.8–1.3‰ higher δ18Op in Punta Arenas, which is not as high as at sites close to the 

Atlantic coast where it would be 1.4‰ (Table 1.2) (Mayr et al., 2007a). Peat moss 

cellulose data from Ariel Peatland (see Figure 1.1), which was ~80 km from the Atlantic 

coast, showed that the δ18Op was ~2‰ higher than during the early twentieth century than 

the current period (Xia et al., 2018). Taking the sensitivity into consideration, this shift 

might indicate that westerly-derived precipitation was ~30% less during the early 

twentieth century compared to today as a recent analogue for the period of weakened 

SHWW. 

The SHWW also regulate hydrological regimes in southern Patagonia. Although 

today the SHWW deliver a large amount of precipitation even to the leeward side of 

southern Patagonia, they are not as efficient as other wind directions (Figures 1.8 and 

A1). Some historical extreme precipitation events along the Atlantic coast of Patagonia 

have been linked with enhanced moisture flux derived from easterlies (Agosta et al., 

2015). Our HYSPLIT back-trajectory modeling also shows that the extreme precipitation 

event on 11–12 March 2012, which caused historic flooding of river Río Las Minas in the 
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main city of Punta Arenas (Butorovic, 2013), occurred under bursts of easterlies (Figure 

A7). For this month, the dE is as high as 82%. The monthly precipitation amount is 63 

mm (102 mm from conventional weather station Jorge C. Schythe in the main city of 

Punta Arenas; Butorovic, 2013), which is around twice as large as the monthly average 

(Figure 1.2c). The GNIP δ18Op value for this month is –4.75‰, which corresponds to 

+3.4‰ of δ
18

Op
e
 1 . The d-excess for this month is 1.6‰, suggesting that the high δ18Op 

value is not an artifact from sample evaporation. This month is a good example showing 

that changes in synoptic-scale patterns in the past were able to influence both δ18Op and 

hydroclimate. If the proportion of precipitation derived from non-westerlies increased, it 

might also indicate an increase in moisture availability for grasslands and desserts in 

eastern Patagonia. Therefore, from terrestrial climate archives the δ18Op proxy can be tied 

to other hydrological proxies to understand the coupled evolution of synoptic-scale 

patterns and hydrological regimes in southern Patagonia over long timescales. 

 Our results also have implications for isotope-based paleoaltimetry reconstruction 

in southern Patagonia and, by extension, northern Patagonia and other regions with 

similar settings such as the South Island in New Zealand (leeward side with a single 

dominant moisture transport pathway) (Chamberlain & Poage, 2000; Wheeler & 

Galewsky, 2017). Traditionally, these studies have assumed that a single dominant 

moisture transport pathway such as the strong SHWW in Patagonia has also persisted 

throughout geological timescales. Under this assumption, any negative temporal shift in 

δ18Op in the modern leeward side is interpreted as the development of isotopic rain 

shadow and used to estimate the surface elevation in upwind locations using an empirical 

isotopic lapse rate (Blisniuk et al., 2005; Colwyn et al., 2019). This study, however, 

shows that an additional complexity is involved in properly interpreting the signal of 

surface uplift from leeward isotope data. Specifically, the shifts in δ18Op can be 

alternatively caused by changes in moisture transport pathways under different 
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atmospheric circulation patterns even in a region where today there seems to only have a 

single dominant moisture transport pathway. As such, shifts in Antarctic sea ice extent, 

Southern Hemisphere meridional sea surface temperature gradient, and tropical ocean-

atmosphere system, can also impose large shifts in SHWW strength and position (Lamy 

et al., 2010; Sime et al., 2013; Groeneveld et al., 2017), and consequently the synoptic-

scale patterns and δ18Op signals preserved in terrestrial climate archives in the leeward 

side of Patagonia. Therefore, any leeward isotope-based paleoaltimetry studies should 

consider how atmospheric circulation was operated in the past under different 

paleogeography and climate boundary conditions, which could be constrained by isotope-

enabled general circulation models (Insel et al., 2012; Mulch, 2016; Botsyun et al., 2019). 

Because our sensitivity analysis (Table 1.2) indicated that δ18Op at sites farther away from 

Atlantic coast is less affected by shifting synoptic-scale patterns and moisture transport 

pathways, we would expect that sites from the nearest leeward locations are most suitable 

for detecting the major uplift signal of the Patagonian Andes from δ18Op proxy data. The 

effect of changing moisture transport pathway on δ18Op might be not as large as the effect 

of mountain uplift, it could result in a biased estimate on uplift history if proxy data are 

collected from sites close to the Atlantic coast where a larger fraction of moisture could 

be advected from easterlies that break the rule of leeward paleoaltimetry. 

 

1.5. Summary 

Other than air temperature and precipitation amount, it has been well recognized 

that air mass source and transport pathway could also influence δ18Op for individual 

precipitation event on regional scale. However, only a few paleoclimate studies are able 

to link δ18Op variations over time with synoptic-scale shifts in atmospheric circulation 

patterns. We here provide a new framework for extracting the relationship between 

moisture transport pathway and δ18Op hidden in decades-long GNIP monthly δ18Op 



 

31 

record at a specific station. In this framework, weather station precipitation data and 

back-trajectory modeling are combined to quantify the proportions of precipitation 

delivered from different trajectory clusters that are characterized by different major 

synoptic weather types on monthly basis. We apply this framework to GNIP monthly 

δ18Op record in Punta Arenas located in southern Patagonia that today is under year-round 

influence of the strong SHWW. We show that distal westerlies indeed contribute to a 

majority of precipitation in Punta Arena even though it is located in the Andean rain 

shadow, but not all of the precipitation. Instead, there is a considerable amount of 

precipitation originated from the distal easterlies and northerlies, particularly during non-

summer seasons. We further show that a decreasing proportion of distal westerly-derived 

precipitation would increase δ18Op, caused by a concurrently increasing proportion of 

distal northerly-derived precipitation that has a relatively higher δ18Op signal. Inconsistent 

with a previous event-based study close to the Atlantic coast, we do not find consistent 

evidence suggesting that distal easterlies would also bring in a relatively high δ18Op 

signal, likely due to a large degree of rainout effect en route for the easterlies to Punta 

Arenas. We then link the proportions of precipitation origin with synoptic-scale 

atmospheric circulation patterns to provide an observational basis and a process-based 

mechanism for reconstructing past SHWW variability from δ18Op data preserved in 

terrestrial climate archives. Our analysis highlights the importance of site location in 

preserving the most sensitive SHWW record inferred from δ18Op data, as sensitivity 

analysis indicates that the Atlantic coast might have the largest contrast in δ18Op between 

the westerlies and non-westerlies. Our results have implications for isotope-based 

leeward paleoaltimetry not only in Patagonia but also for other similar regions. Leeward 

paleoaltimetry studies often assume a single moisture transport pathway or source region 

has persisted throughout time, while our study suggests that different atmospheric 

circulation patterns in the past were also able to cause shifts in δ18Op, which sometimes 
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were, however, interpreted as the sign of surface uplift or evaporative enrichment in soil 

water. 

Finally, the framework introduced in this study provides new opportunities in 

linking large dataset of GNIP monthly precipitation isotopes with synoptic-scale patterns 

of moisture transport. Such framework utilizes station-based hourly or daily precipitation 

data to quantify the contributions of different synoptic weather types on each monthly-

composited δ18Op datum. These monthly-composited δ18Op data readily available from 

multiple sites and over a long monitoring period, if put in a reasonable context of 

moisture transport, could provide insights into hydrological processes on terrestrial 

landscape, with implications for partitioning terrestrial water fluxes and reconstructing 

atmospheric circulation patterns using isotope data. 
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Figure 1.1. Digital elevation map of southern Patagonia. Also shown are major cities 

(cyan triangles) and field sites (red dots) discussed in this paper, and the elevation 

contour of 1000 m asl. The digital elevation model is from the Global Multi-resolution 

Terrain Elevation Data 2010 (GMTED2010) at 30-arc-second resolution (Danielson & 

Gesch, 2011) distributed by the United States Geological Survey and the National 

Geospatial Intelligence Agency (http://earthexplorer.usgs.gov/). 
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Figure 1.2. Summary of GNIP precipitation isotope data from Punta Arenas. (a) Scatter 

plot between monthly δ2Hp and δ18Op. The black line is the Global Meteoric Water Line 

(GMWL). (b) Long-term variations in monthly δ18Op during the period 1990–2017. Open 

dots in (a) and (b) are the raw data points that were excluded from the analysis hereafter 

(see Section 1.3.1 and Table A1 for details). (c) Scatter plot between monthly δ18Op and 

GHCN monthly air temperature showing positive correlation with a linear regression line. 

The use of GHCN monthly air temperature data (NOAA, 2019) rather than GNIP 

monthly air temperature data is due to several potential erroneous data recordings in 

GNIP database (see Figure A2d for details). One data gap in GHCN (February 2011) is 

filled by GNIP data. (d) Scatter plot between monthly δ18Op and Punta Arenas airport 

monthly cumulative precipitation (calculated from the sum of all 6-hour precipitation 

data for each month; see Section 1.3.2 for details) showing no correlation. There are 6 
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individual months during which precipitation data have temporal gaps, and these data are 

replaced by GHCN monthly precipitation amount data (see Figure A2a). In (c) and (d), 

dots are color-coded to represent different austral seasons: summer (December–

February), autumn (March–May), winter (June–August), and spring (September–

November). 
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Figure 1.3. Visualization of precipitation-producing back-trajectory results from an 

example month (August 2011) and an example initial back-trajectory height (1500 m 

agl). There are 13 precipitation events based on the 6-hour precipitation data in this 

month. The total monthly precipitation amount is 26 mm. Trajectory paths that enter 

eastern, northern, western and southern boundaries of southern Patagonian landmass are 

grouped into clusters of distal easterlies (brown), northerlies (green), westerlies (blue), 

and southerlies (orange), respectively. The trajectory line width is proportional to the 6-

hour precipitation amount associated with each trajectory. For reference, the thickest and 

thinnest paths on this graph represent 4.6 mm and 0.2 mm precipitation, respectively. 

Yellow triangle mark Punta Arenas. The proportions of precipitation contributed by 

different trajectory clusters (dE, dN, dW, and dS) in that month can be calculated. This 

provides an additional metric that allows us to investigate if the proportion of 

precipitation derived from certain trajectory cluster could influence monthly-composited 

δ18Op in GNIP data. 
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Figure 1.4 (previous page). Precipitation-producing trajectory frequency contour plots for 

an initial back trajectory height of 500 m (a and c) and 2000 m agl (b and d) during the 

period 2005–2017 generated from the GDAS reanalysis dataset (a and b) and during the 

period 1990–2004 generated from the NCEP/NCAR reanalysis dataset (c and d). 
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Figure 1.5 (previous page). Correlation coefficient heat map between monthly 

proportions of precipitation derived from different trajectory clusters and monthly δ
18

Op
e
 1 . 

Results are shown for all months combined and four different austral seasons (see Section 

1.3.1) that are also separated for different initial back-trajectory heights (agl) and 

different reanalysis dataset inputs. Significance levels are noted by the following: * p < 

0.1, ** p < 0.05, *** p < 0.01. The number of data for correlation analysis are listed in 

Table A2. 
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Figure 1.6. Median (solid lines) and lower/upper quartile (dotted lines) values of specific 

humidity (a, c, e, and g) and precipitation rate (b, d, f, and h) in each hour along GDAS-

modeled trajectories in the clusters of distal easterlies (a and b), northerlies (c and d), 

westerlies (e and f), and southerlies (g and h). The transparency of lines is coded to 
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represent results derived from different initial back-trajectory heights. The results derived 

from an initial back-trajectory height of 2000 m agl have zero transparency. The 

transparency increases (showing lighter color) with a decreasing initial back-trajectory 

height from 1500 m to 500 m agl. 
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Figure 1.7 (previous page). Similar to Figure 1.5 but it is the correlation coefficient heat 

map between monthly proportions of precipitation derived from different trajectory 

clusters and monthly d-excess. 
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Figure 1.8. Kernel density estimation plots for 6-hour cumulative precipitation data (a 

and c) and amount-weighted cumulative 6-hour precipitation histogram (with a bin size 

of 0.3 mm) (b and d) related to different trajectory clusters. Results are separated for the 

GDAS (a and b) and the NCEP/NCAR (c and d) reanalysis datasets. The color coding 

follows Figure 1.6. Clearly, distal westerlies have higher frequency of precipitation 

amount less than 1.2 mm (for the GDAS) and 1.5 mm (for the NCEP/NCAR) in 6 hours 

(shown as vertical dotted lines). Thus, distal westerly-derived precipitation consists of 

~25% of this “drizzle” precipitation, which is more than double that of distal easterlies 

and northerlies, whereas distal easterlies have at least 50% of precipitation that has 

rainfall rate more than 5 mm within 6 hours. 
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Figure 1.9 (previous page). Spatial correlation between monthly proportion of 

precipitation related to secondary trajectory clusters and ERA-interim reanalysis fields. 

The results from an initial back-trajectory height of 1500-m were used because this level 

is close to 850 mb and likely represents the level of moisture transport (see Section 

1.4.2). (a–d) Spatial correlation of dN and dE with SLP and 850 mb zonal wind speed 

derived from the GDAS reanalysis dataset for the period 2005–2017. (e–h) The same as 

(a–d) but derived from the NCEP/NCAR reanalysis dataset for the period 1990–2004. 

The dN and dE data from all months during the corresponding period are used, including 

those months during which δ18Op data were missing or filtered. Areas with p-value higher 

than 0.1 were masked out. Plots were produced on KNMI Climate Explorer 

(https://climexp.knmi.nl/). 
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Table 1.1. Mean monthly proportions of precipitation in Punta Arenas derived from 

different trajectory clusters in the HYSPLIT framework. Results are compared among 

different meteorological reanalysis datasets, different initial air mass heights, and 

different seasons. 
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Table 1.2. Effect of a 20% less westerly-derived precipitation on δ18Op based on 

regression coefficients between δ
18

Op
e
 1  and dW if within a specific season they are 

statistically significant from Figure 1.5. Results are compared with the study by Mayr et 

al. (2007a) who, based on event-based precipitation samples, concluded that precipitation 

derived from westerlies are on average 7‰ lower than non-westerlies at Río Gallegos 

and Laguna Potrok Aike. From a simple isotopic and mass balance calculation, it could 

be converted that a 20% less westerly-derived precipitation would have an effect of 

+1.4‰ in δ18Op for their sites. 

 

 Meteorological 

reanalysis 

dataset 

Initial air 

mass height 

(m agl) 

Season 
δ18Op change 

(‰) 

GDAS 1500 SON +1.0 

GDAS 2000 MAM +0.8 

GDAS 2000 SON +1.0 

NCEP/NCAR 1500 JJA +1.0 

NCEP/NCAR 2000 JJA +1.3 
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Appendix A: Supporting information for Chapter 1 

 

Figure A1. Wind sensor (every 1 hour) and rain gauge (every 6 hours) data from weather 

station in Punta Arenas airport during the period 1990–2017 plotted on the 16-point 

compass rose. (a) Frequency percentage of hourly wind direction observations (n = 

232,277). There are 13,177 observational gaps (5.4% of all hours). (b) Precipitation 

percentage from each wind direction. Six-hour cumulative precipitation amount (n = 

40,769) was divided by 6 to match with each hourly wind direction data prior to each 

precipitation measurement, assuming that wind in each of that 6 hours contributes to that 

6-hour cumulative precipitation equally. There are 140 observational gaps (0.3% of all 

hours). (c) The quotient between precipitation percentage and time percentage for each 

respective wind direction. The weather station data are available for public download on 

the website of Meteorological Direction of Chile (https://climatologia.meteochile.gob.cl).
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Figure A2. Comparisons between different weather station databases of Punta Arenas 

airport. Solid lines in all plots indicate 1:1 relationship. (a) Scatter plot between GHCN 

Version 2 reported monthly precipitation amount and monthly cumulative precipitation 

amount (calculated from the sum of all 6-hour precipitation data for each month). The 

open dots indicate 6 individual months (March–June 2011, December 2011, and May 

2012) during which 6-hour precipitation data have temporal gaps (27%, 16%, 22%, 14%, 

11%, and 6% of all 6-hour intervals, respectively), which are responsible for their 

monthly cumulative precipitations amount underestimated compared to GHCN monthly 

precipitation amount data. It is still likely that a few GHCN monthly precipitation amount 

data are erronrous as well, which might explain the deviations from the monthly 

cumulative precipitation amount (Stefan Terzer-Wassmuth, personal communication, 

2019). (b) Scatter plot between reported GNIP monthly precipitation amount and Punta 
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Arenas monthly cumulative precipitation amount similar as (a). (c) Scatter plot between 

GHCN Version 2 monthly precipitation amount and GNIP monthly precipitation amount. 

Clearly there are also several important erroneous data recordings in GNIP database. (d) 

Scatter plot between GHCN Version 3 monthly air temperature and GNIP monthly air 

temperature. Most data are following the 1:1 line, but there are still several important 

erroneous GNIP data recordings. These data are mainly found from January 2015 to 

March 2016 (shown as open dots). These GNIP monthly air temperature values are much 

higher than normal, while weather station data from nearby city do not show any 

corresponding high air temperature, confirming that these GNIP data are erroneous.
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Figure A3. Map showing the delineations of eastern (brown), northern (green), western 

(blue) and southern (orange) boundaries of southern Patagonia landmass used in this 

study. If a back trajectory came across one of the above boundaries, that trajectory was 

clustered into distal easterlies, northerlies, westerlies, and southerly trajectories, 

respectively.
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Figure A4. Histogram of monthly dE (brown), dN (green), dW (blue), and dS (orange) 

derived from (a) the GDAS and (b) the NCEP/NCAR reanalysis datasets with a bin size 

of 5%. The transparency of histogram plots is coded to represent results derived from 

different initial back-trajectory heights. The results derived from an initial back-trajectory 

height of 2000 m agl have zero transparency. The transparency increases (showing lighter 

color) with a decreasing initial air back-trajectory height from 1500 m to 500 m agl.
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Figure A5. Median (solid lines) and lower/upper quartile (dotted lines) values of specific 

humidity (a and c) and precipitation rate (b and d) in each hour along all GDAS-modeled 

trajectories in the cluster of distal easterlies for winter (a and b) and autumn (c and d). 

The initial air back-trajectory height is 2000 m agl as the opposite correlation 

relationships between dE and δ18Op residual (see Figure 1.5) were found at this level.
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Figure A6. Median (solid lines) and lower/upper quartile (dotted lines) values of specific 

humidity (a, c, e, and g) and precipitation rate (b, d, f, and h) in each hour along 

NCEP/NCAR-modeled trajectories in the clusters of distal easterlies (a and b), northerlies 

(c and d), westerlies (e and f), and southerlies (g and h). The color coding follows Figure 

A4.
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Figure A7. Back-trajectory characteristics of the historic extreme precipitation event 

occurred on 11–12 March 2012, including general transport pathway (a), along-trajectory 

specific humidity (b) and precipitation rate (c) in each hour. There are 8 trajectories 

plotted, with their UTC time starting from 12:00 on 11 March 2012 to 06:00 on 13 March 

2012. The initial air back-trajectory height is 2000 m agl. The trajectory line width is 

proportional to the 6-hour precipitation amount associated with each trajectory. For 

reference, the thickest and thinnest paths on this graph represent 11.4 mm and 0.8 mm 

precipitation, respectively. Yellow triangle in (a) mark Punta Arenas. 
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Table A1. Summary of all missing data or filtered dataset from GNIP Punta Arenas. 

Year Month δ18O δ2H 
d-

excess 

GNIP 
precipitation 

(mm) 

GHCN 
precipitation 

(mm) 

Sum of all 6-

hour 
cumulative 

precipitation 

(mm) 

GNIP 
temperature 

(°C) 

GHCN 
temperature 

(°C) 

1990 1 NaNa NaN NaN 39 39.5 39.5 10.4 10.4 

1990 2 NaN NaN NaN 20 19.6 19.6 12 12 

1990 3 NaN NaN NaN 40 49.8 49.8 8.9 8.9 

1990 4 NaN NaN NaN 48 48.4 48.4 4.8 4.8 

1990 8 NaN NaN NaN 91 90.7 90.7 2 2 

1991 2 NaN NaN NaN 47 46.7 44.4 10 10 

1991 3 NaN NaN NaN 98 98.8 97.5 8.1 8.1 

1992 7 NaN −53.7 NaN 7 7 6.5 −0.5 −0.5 

1992 8 NaN −53.7 NaN 11 11 11 2.1 2.1 

1992 11 NaN NaN NaN 14 NaN 13.9 8.8 8.8 

1993 1 NaN NaN NaN 66 66 70.3 10.2 10.2 

1993 3 NaN NaN NaN 61 61 61.2 8.5 8.5 

1993 4 NaN NaN NaN 23 23 25.5 5.3 5.3 

1993 5 NaN NaN NaN 17 17 17.3 3 3 

1993 6 NaN NaN NaN 4 4 3.5 −0.1 −0.1 

1993 10 NaN NaN NaN 23 23 22.5 7.1 7.1 

1994 1 NaN NaN NaN 24 24 34.4 11.6 11.6 

1994 2 NaN NaN NaN 63 62 53.9 9.8 9.8 

1994 6 NaN NaN NaN 31 NaN 32 1 1.1 

1994 7 NaN NaN NaN 28 28 32.5 0.8 0.8 

1994 8 NaN NaN NaN 12 12 11.5 2.9 2.9 

1994 9 NaN NaN NaN 35 35 35.3 2.9 2.9 

1995 1 NaN NaN NaN 27 25 26.7 11.1 11.1 

1995 2 −6.02 −58.3 −10.14 49 49 49.1 10.6 10.6 

1996 11 −4.38 −46 −10.96 23 23 23.9 8.1 8.1 

1997 4 NaN NaN NaN 81 77 88.2 5.6 5.6 

1998 5 NaN NaN NaN 81 69 81.5 4.4 4.4 

1998 7 NaN NaN NaN 44 44 44.2 3 3 

2001 6 NaN NaN NaN 47.3 46 47.3 1.9 3.1 

2001 7 NaN NaN NaN 21.1 22 19.1 NaN 0 

2002 1 NaN NaN NaN 10.6 10 10.8 10.4 10.4 

2002 8 −4.74 −62.9 −24.98 231.3 34 35.2 2.1 2.1 

2002 9 3.49 −18.3 −46.22 43.1 43 43.1 4.4 4.4 

2003 4 −5.58 −56.9 −12.26 8.7 9 7.4 6.5 6.5 

2003 5 0.06 −30.1 −30.58 57.3 57 59.8 5.6 5.6 

2003 6 NaN NaN NaN 45 45 46.6 1.8 1.8 

2003 12 −4.28 −48.4 −14.16 56.7 57 60.7 9.9 9.9 

2004 1 −2.65 −40.3 −19.1 35 35 34.1 11.7 11.7 
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Table A1 (continued) 

Year Month δ18O δ2H 
d-

excess 

GNIP 
precipitation 

(mm) 

GHCN 
precipitation 

(mm) 

Sum of all 6-

hour 
cumulative 

precipitation 

(mm) 

GNIP 
temperature 

(°C) 

GHCN 
temperature 

(°C) 

2004 3 −0.9 −23.2 −16 20 20 21.1 9.1 9.1 

2004 4 NaN NaN NaN 56 56 57.1 6.5 6.5 

2004 5 NaN NaN NaN 14 14 12.3 5.3 5.3 

2004 6 NaN NaN NaN 50 50 49.2 4.1 4.1 

2004 9 4.13 −22 −55.04 29 29 32 4.6 4.6 

2004 11 −5.38 −56.4 −13.36 37 37 37.2 9.9 9.9 

2004 12 −4.51 −49 −12.92 19 19 19.6 10.9 10.9 

2005 1 −0.35 −27.3 −24.5 29 29 32.8 10.6 10.6 

2005 4 −5.88 −61.6 −14.56 79.2 79 77.8 6.3 6.3 

2005 11 −4.74 −54.2 −16.28 33.2 33 33.8 8.6 8.6 

2005 12 −0.97 −21.5 −13.74 13.2 12 13.2 10.2 10.1 

2007 1 6.06 −10.2 −58.68 24.4 24 36.8 10.7 10.7 

2007 6 −4.01 −51.9 −19.82 47 47 47.8 2.2 2.2 

2007 11 −4.75 −48.7 −10.7 10.2 10 11 7.8 7.8 

2008 1 −1.85 −23.9 −9.1 9.2 9 9.4 11.6 11.6 

2008 2 NaN NaN NaN 45 45 44.4 11.3 11.4 

2009 3 NaN NaN NaN 29.4 29 29.4 9 9 

2009 9 −19.14 −153.2 −0.08 14.2 14 14 5.1 5.1 

2009 10 −6.24 −60.4 −10.48 13.8 14 15.2 5.4 5.4 

2009 11 −0.5 −0.4 3.6 28.2 28 28 5.5 5.5 

2010 2 NaN NaN NaN 14 13 13.2 8.7 8.9 

2010 6 −7.55 −75.4 −15 38 36 37.8 1.2 1.2 

2010 9 −7.02 −71.7 −15.54 12.8 13 12.2 4.6 4.5 

2010 12 −1.17 −27.1 −17.74 12 12 12 8.8 8.7 

2011 5 NaN NaN NaN 29.2 31 8.4b 4.8 4.6 

2011 10 NaN NaN NaN 23.8 24 21.7 6.8 6.8 

2011 12 2.95 −12.3 −35.9 12.4 12 5b 11.6 11.6 

2012 1 −2.23 −35.5 −17.66 20.6 21 20.6 11.6 11.6 

2012 11 −4.5 −49.3 −13.3 19.4 19 19.4 8.7 8.7 

2013 12 7.12 49.4 −7.56 36 36 36.2 8.9 8.9 

2014 1 −0.4 −21.8 −18.6 20 20 20 9.2 9.2 

2014 6 −21.36 −162.7 8.18 28.4 28 36.2 2 2 

2017 12 −2.26 −36.9 −18.82 31.8 32 30.4 9.4 9.4 

aNaN: no data 
bThese 6-hour precipitation data have important temporal gaps (see Figure A2). 
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Table A2. The number of δ18O data (unfiltered) that are used in correlation heat map 

analysis shown in Figure 1.5.  

 

 
GDAS 

(2005–2017) 

NCEP/NCAR 

(1990–2004) 

All months 130 135 

DJF 27 33 

MAM 36 32 

JJA 36 32 

SON 31 38 
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Abstract 

 

We conducted a modern process study on Sphagnum magellanicum from southern 

Patagonian peat bogs to improve our understanding of environmental controls on the 

carbon and water (hydrogen and oxygen) isotope compositions of peat mosses. We found 

that moisture availability gradients in peat bogs, measured by Sphagnum water content, 

could explain the intra-site variability in both Sphagnum cellulose δ13C and δ18O. Also, 

there was a site-specific significant negative correlation between cellulose δ13C and δ18O 

across microtopographical gradient. This new finding suggests that Sphagnum moisture 

availability influences cellulose δ13C via water film effect on discrimination against 

13CO2 and, similarly, can imprint on cellulose δ18O via evaporative enrichment of 18O in 

metabolic leaf water. Sphagnum leaf wax n-alkane δ13C also responded to the water film 

effect as cellulose did, but n-alkane δ2H appears less sensitive than cellulose δ18O to the 

moisture availability gradient likely because hydrogen isotopes have a more complex 

biochemical fractionation pathway and a smaller kinetic fractionation during leaf water 

evaporation. Furthermore, we used long strands of Sphagnum to explore if isotopic 

signals in moss strand increments were sensitive to recent growing season conditions. We 

demonstrated that rapidly growing Sphagnum strand increments could document the 

isotopic composition of precipitation and moisture conditions at sub-annual scale. 

Altogether, these findings highlight the sensitivity of stable isotopes in Sphagnum to 

environmental conditions. On the basis of these results, we propose that paired 

measurements of carbon and water isotopes in Sphagnum cellulose or leaf wax biomarker 

provide an improved approach in peat-based paleoclimate reconstructions. 
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2.1. Introduction 

Peatland ecosystems—occupying only 3% of the global land area—are terrestrial 

carbon hot spots that have sequestered over 600 gigatons of organic carbon since the Last 

Glacial Maximum (ca. 21,000 years before present; Yu et al., 2010). Paleoenvironmental 

analysis using peat deposits provides valuable insights into peatland evolution, ecosystem 

dynamics, and past climate conditions. A range of proxy-climate indicators, including 

bulk density, humification, testate amoebae, charcoal, and plant macrofossils, have been 

routinely used in peat-based paleoenvironmental reconstructions (e.g., Woodland et al., 

1998; Barber et al., 2000; Turney et al., 2004). Stable isotope proxies from peat-forming 

plant remains are important supplements to the more classic peat-core analysis toolbox 

(Brenninkmeijer et al., 1982; Chambers et al., 2012). Sphagnum mosses are a group of 

remarkable peat-forming plants as the main “peat builder” that possess many unique 

physiological characteristics and are resistant to microbial breakdown (Rydin & Jeglum, 

2013). Also known as peat mosses, Sphagnum have attracted the most attention in 

exploring the potential of their stable isotope compositions as paleoenvironmental proxies 

(e.g., Xie et al., 2000; Ménot & Burns, 2001; Ménot-Combes et al., 2002; Xie et al., 

2004; Daley et al., 2010; Nichols et al., 2010; Nichols et al., 2014b; Granath et al., 2018). 

Understanding the physiological processes mechanisms underlying the isotopic variations 

in modern Sphagnum plants is required for robust environmental interpretations of long-

term isotopic variations preserved in Sphagnum peat records. 

Carbon isotope signatures (δ13C) in Sphagnum follow the general carbon isotope 

fractionation model for C3 plants that considers kinetic isotope effects in CO2 diffusion 

and carboxylation (Farquhar et al., 1989). The model has been further adapted for mosses 

that lack stomata and have an external water film on outer surface (Meyer et al., 2008; 

Royles et al., 2012). Royles et al. (2012) showed that several factors can affect carbon 

isotope discrimination, but CO2 assimilation rate is the dominant factor for aerobic (non-
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waterlogged) peatbank moss species in maritime Antarctic. In their theoretical study, 

mosses only attain external water film after a rain or snow melt event but then dry out 

quickly. In contrast, Sphagnum mosses often inhabit waterlogged peatlands and have 

great water retention capacity with a persistent external water film. As a result, moisture 

regime affects both Sphagnum CO2 assimilation rate and carbon isotope fractionation 

caused by diffusion resistance, as CO2 diffusivity is much lower in water than in air (Rice 

& Giles, 1996; Rice, 2000). Empirical studies supported that moisture availability exerts 

a major control on Sphagnum δ13C known as the water film effect (Price et al., 1997; 

Ménot & Burns, 2001; Loisel et al., 2009; Loader et al., 2016): drier Sphagnum mosses 

are characterized by thinner water films that have less diffusion resistance and result in 

more discrimination against 13CO2, leading to more negative δ13C values in plant tissues, 

and vice versa. This effect is expressed at microtopographical gradients (e.g., hummock 

vs. hollow) within a peatland. A few additional factors were also shown to affect peatland 

Sphagnum δ13C, which include (1) the contribution of recycled CO2 (Price et al., 1997), 

in particular the methane-derived CO2 that is strongly depleted in 13C and is efficiently 

fixed by Sphagnum in wet habitats (Raghoebarsing et al., 2005; Nichols et al., 2009; 

Nichols et al., 2014b); and (2) air temperature, although both positive and negative 

correlations between temperature and Sphagnum δ13C have been reported in the literature 

(Skrzypek et al., 2007; Kaislahti Tillman et al., 2013). Therefore, Sphagnum cellulose 

and leaf wax δ13C have been used to reconstruct past temperature and hydroclimate 

changes from peat records, often with contrasting interpretations (Xie et al., 2004; 

Nichols et al., 2009; Loisel et al., 2010; Moschen et al., 2011; Kaislahti Tillman et al., 

2013). 

For ombrotrophic (rain-fed) peat bogs, water (hydrogen and oxygen) isotope 

signatures in Sphagnum are determined by the isotopic composition of precipitation, 

subsequent evaporative enrichment of 18O and 2H in leaf water, and biochemical 
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fractionation. The fractionation process in cellulose biosynthesis has been shown to 

follow the form of (Anderson et al., 2002; Zanazzi & Mora, 2005; Daley et al., 2010): 

δ
18

Ocell = δ
18

Op + εb + (εe + εk)(1 – h) 1  (1) 

where δ18Ocell and δ18Op are the oxygen isotope composition of cellulose and 

precipitation, respectively; εb is the biochemical enrichment factor during cellulose 

biosynthesis; εe and εk are liquid–vapor equilibrium and kinetic enrichment factor 

associated with leaf water evaporation, respectively; and h is the relative humidity. It was 

argued that the evaporation term in Eq. (1) could be removed, because Sphagnum mosses 

lack stomata and inhabit moist environments with h close to 100% (Zanazzi & Mora, 

2005; Daley et al., 2010). If assuming that biochemical fractionation term εb is a 

stationary value over time, then Sphagnum cellulose δ18O and δ2H as well as leaf wax 

δ2H can be used to infer the isotopic compositions of past precipitation, which provide 

information about large-scale macroclimate drivers such as air temperature, precipitation 

sources, and atmospheric circulation patterns (Xie et al., 2000; Pendall et al., 2001; Daley 

et al., 2009; Daley et al., 2010; Bilali et al., 2013; Xia et al., 2018). However, the model 

given above have two deficiencies that need to be considered when applied to mosses. 

First, Eq. (1) was based on the Craig–Gordon model (Craig & Gordon, 1965) that 

depicted leaf water evapotranspiration through stomata as an analogue to steady-state 

evaporation of a closed lake (Ménot-Combes et al., 2002). It considered leaf water 

exchange with ambient water vapor through stomata and assumed that all leaf water was 

subject to evaporation (Anderson et al., 2002). It might be inappropriate to apply Eq. (1) 

to Sphagnum mosses, which lack stomata and evaporate leaf water through tiny pores on 

water-reservoir hyaline cells, preventing liquid-vapor interaction (Nichols et al., 2010). 

Second, the assumption of no evaporation with h at 100% is not always justified, as it 

would predict that δ18Ocell values were conservative and independent from microhabitat 

within a peatland. This is in contradiction with empirical evidence showing that 
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Sphagnum leaf water is more enriched in 18O and 2H than meteoric water input and there 

is a clear hydrogen and oxygen isotope variability in Sphagnum tissues explained by 

differential degree of evaporative enrichment at microtopographical scale (Aravena & 

Warner, 1992; Ménot-Combes et al., 2002; Zanazzi & Mora, 2005; Nichols et al., 2010; 

Loader et al., 2016).  

Our understanding of environmental controls on the carbon and water (H and O) 

isotope variability in Sphagnum tissues has improved in recent years, but a coherent 

physiological interpretation is not achieved. Still, most peat-core studies that undertook 

stable isotope analyses only utilized a single isotope proxy, such that the investigators 

were unable to examine the intrinsic relationships between the carbon and water (H and 

O) isotope ratios in Sphagnum organic compounds. Without a multi-proxy framework, it 

can be challenging to reconcile the multiple controlling factors on Sphagnum isotope 

ratios for paleoenvironmental interpretations, particularly for the relative role of 

evaporative enrichment on water isotope proxies (Daley et al., 2009; Finkenbinder et al., 

2016). Given that moisture availability influences Sphagnum carbon isotope signatures 

via the water film effect, and that the degree of evaporative enrichment of 18O and 2H in 

leaf water also depends on moisture availability that is highly variable at 

microtopographical scale, there should be a negative correlation between these two 

isotope ratios. Demonstrating this carbon–water isotopic link in modern Sphagnum 

samples would provide a useful means to properly interpret peat-based climate-proxy 

records with a “dual isotopes” approach (Roland et al., 2015; Xia et al., 2018). 

Here we present a dataset of paired cellulose δ13C and δ18O measurements of 

modern Sphagnum magellanicum from southern Patagonian peat bogs. Plant and leaf 

water samples were collected along a wide range of habitats and moisture gradients 

across multiple sites. We measured the water content (WC; the ratio of mass between 

water and dry plants) of each Sphagnum sample as an independent indicator of Sphagnum 
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moisture availability, in an attempt to explore how moisture availability influences 

cellulose δ13C and δ18O concurrently. We also present data from Sphagnum leaf wax 

biomarker n-alkane δ13C and δ2H measurements to test the same hypothesis. 

Furthermore, our previous work found that S. magellanicum in southern Patagonian peat 

bogs were growing fast and formed long strands that could reach over 45 cm in length, 

and indeed these peatlands had rapid accumulation rates due to enhanced Sphagnum 

growth (Loisel & Yu, 2013a, 2013b). As an extreme example, a Patagonian peatland has 

accumulated over 300 cm of Sphagnum peat in less than 500 years, which is an order of 

magnitude faster than boreal peatlands (Loisel & Yu, 2013a, 2013b). Therefore, we 

additionally explored if isotopic signals in Sphagnum strand increments could document 

recent growing season conditions at sub-annual scale, including monthly and seasonal 

changes in isotopic composition of precipitation and precipitation anomalies, to 

understand the nature and sensitivity of Sphagnum isotopic signals preserved in peat 

records. With this new understanding of Sphagnum isotopic physiology, we then further 

discussed the potential of using paired carbon and water (H or O) isotope measurements 

in peat-core analysis for paleoclimate reconstructions. 

 

2.2. Methods 

2.2.1. Study sites and sample collections 

Southern Patagonia is characterized by a large precipitation gradient driven by 

interactions between strong westerly winds and north-south oriented mountain ranges of 

the Andes. Despite the widespread distribution of peatlands in Patagonia (Figure 2.1), 

Sphagnum-dominated peat bogs are only present on the eastern side (leeward side) of the 

Andes, where annual precipitation amounts are generally between 400 and 1000 mm 

(Loisel & Yu, 2013a). Sphagnum magellanicum is the dominant species in these peat 

bogs, forming large carpets that cover a vast peatland complex (Figure 2.2). Field 
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sampling was carried out at six sites in January 2016 and another site (Ariel Peatland) in 

January 2018 (Table 2.1). These sites are located between 52.1° S and 54.5° S and 

between 68.7° W and 71.9° W (Figure 2.1). High-resolution (5.5 km) regional climate 

modeling (Lenaerts et al., 2014) indicates an existing climate gradient (precipitation in 

particular) across these sites (Table 2.1), but more importantly these peatlands differ in 

hydromorphological characteristics (Figure 2.2). According to Rydin and Jeglum (2013), 

hydromorphology is a term used to express interactions between biotic and abiotic factors 

that shape the surface morphology and patterning of peatlands. As described below, our 

sampling strategy was designed to capture the greatest local moisture gradient of 

Sphagnum habitat within each site. 

 

2.2.1.1. Surface Sphagnum 

Our first site, Valle de Consejo (VC), is characterized by well-developed 

hummock-hollow-pool surface patterning. We established a 450-cm sampling transect 

along a large hummock-to-pool gradient (north-facing) with a relative relief of ~70 cm 

(Figures 2.2a and 2.2b). The entire gradient was mainly colonized by S. magellanicum. 

Another species (S. cuspidatum) was found on the edge of the open-water pool (Figure 

2.2b). We collected surface samples (top ~3 cm) of living Sphagnum at 30-cm intervals 

from the hummock top down to the pool, with an additional sample at the boundary 

between the two Sphagnum species (n = 17, including three S. cuspidatum samples). We 

collected duplicate samples that were kept in sealable bags for subsequent water content 

(WC) measurements in the laboratory. We also measured in situ water table depth (WTD) 

at some sampling locations along the transect by digging small pits with a peat borer. 

Similarly, a 250-cm transect was sampled across a northeast-facing hummock-to-hollow 

gradient at Villa Runeval (VR) with a relative relief of ~60 cm. This site, which was only 
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sampled for S. magellanicum (n = 5), is characterized by very dry bog surface (Figure 

2.2c). WC samples were collected for this site, but in situ WTD was not measured. 

The Ariel Peatland (AP) has less pronounced microtopographical structures with a 

relatively flat and moist peatland surface at the center (Figures 2.2d and 2.2e). The 

sampled moisture gradient thus extended from the peatland’s edge, where dry-adapted 

shrubs were found, to the center of the site, where S. magellanicum was abundant. We 

collected nine evenly distributed S. magellanicum samples across this peatland-wide 

moisture gradient. Similarly, site Cordillera Chilena (CC) is a high-elevation slope bog 

(Figures 2.2f and 2.2g), where we collected six S. magellanicum samples along the slope 

(with an elevation difference of ~20 m) following the same sampling strategy as for site 

AP. Lastly, opportunistic S. magellanicum samples were collected at three additional 

sites: (1) six samples from site Monte Tarn (MT), which is a wooded bog developing on a 

mountain slope where vegetation changes from forest to tundra within a 600-m elevation 

increase with Sphagnum widely present along a hiking trail (Figures 2.2h and 2.2i); (2) 

two samples from site Mirador Laguna Cura (MLC); and (3) two samples from site 

Azopardo (AZ). Again, for all these samples, duplicate WC samples were also collected. 

 

2.2.1.2. Plant water and bog water sampling 

During surface Sphagnum sampling, each of the same living plants were 

immediately squeezed using a syringe to collect “bulk” leaf water into 2 mL vials in the 

field. Opportunistic bog water samples were collected at site VC, AP, and CC, after small 

pits were dug using a peat borer at the exact location where surface Sphagnum was 

sampled. 
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2.2.1.3. Sphagnum strands 

At site CC and VC, we found that Sphagnum often maintained >20 cm long intact 

strands that likely indicated rapid growth over the course of recent growing seasons 

(Figure 2.3). Similar long strands were also found at some sites in our previous field 

excursion in southern Patagonia (Loisel & Yu, 2013a). We collected the uppermost 

section of peat as a monolith from both sites that contained those long strands of 

Sphagnum, which were individually extracted and further subsampled in the laboratory. 

 

2.2.2. Laboratory analysis 

2.2.2.1. Water content measurements 

Samples for water content (WC) measurements were dried in an oven at 50°C 

overnight. The sample weights before and after oven drying were measured. The WC was 

calculated as (Rydin & McDonald, 1985; Murray et al., 1989; Schipperges & Rydin, 

1998): 

WC (%) = 
mw-md

md

 × 100 1 
 (2) 

where mw and md are the wet weight and dry weight, respectively. Note that a few studies 

defined the metric using the same formula as relative water content (RWC) (e.g., Royles 

et al., 2013b; Royles et al., 2013a), which is a term originally defined as the ratio of the 

amount water in the leaf tissue to that present when fully turgid (Smart & Bingham, 

1974). Despite being applied to vascular plants, the RWC is not easy to determine for 

bryophytes due to the difficulty to estimate turgid weight (Dilks & Proctor, 1979). 

Furthermore, other studies defined the ratio of wet weight to dry weight as WC (e.g., 

Titus et al., 1983; Titus & Wagner, 1984).  
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2.2.2.2. Surface Sphagnum subsampling 

To prepare cellulose samples, surface Sphagnum samples (n = 47 in total) were 

examined under a stereomicroscope to make sure that only the topmost 1-cm sections of 

stem below the Sphagnum capitulum, which represented the most recent growth, were 

used for cellulose extraction. For each subsample, around 15 individual stems were 

combined. Other moss components (leaves, branches, and older stems) were removed. 

The reason for restricting our analysis on stem tissues is to make our pre-treatment 

procedure and cellulose isotopic signatures comparable with peat-core studies, in which 

Sphagnum stem macrofossils could easily be collected to sufficient amount (Xia et al., 

2018), and to avoid mixture of different tissues that showed somewhat isotopic offsets 

(Loader et al., 2007; Moschen et al., 2009; Kaislahti Tillman et al., 2010). 

To prepare leaf wax samples, we just used bulk Sphagnum capitula (~0.6 g dry 

wt.) from selective samples for lipid extraction. For site VC, we analyzed seven samples. 

For other sites, we analyzed only one sample from each site. 

 

2.2.2.3. Sphagnum strand subsampling 

For Sphagnum strand samples, we noticed that stem bifurcations or innovation 

formations were quite frequent as a result of vegetative reproduction, but new bifurcated 

strands showed similar length with their siblings (Figure 2.3c). To prepare cellulose 

samples, we picked out one individual Sphagnum strand that possessed multiple 

bifurcations from the CC monolith, cut it into 1-cm sections, and combined 

corresponding sections from bifurcated strands to generate enough materials for cellulose 

extraction. We had to assume that bifurcated strands had similar incremental rate. We 

followed the same procedure for one strand from the VC monolith, but they were cut into 

2-cm sections. The sectioned samples were then examined under a stereomicroscope to 

isolate stem tissues for cellulose extraction. 
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Among the individual Sphagnum strands, we observed that the stem bifurcations 

were roughly consistent with an occurrence rhythm of ~7 cm, likely indicating similar 

growth rate even among multiple individuals (Figure 2.3c). Although there are very few 

studies on Sphagnum stem bifurcations (Sobotka, 1976), we tested the hypothesis that 

bifurcations could be used as a roughly time marker by lining up 18 individuals picked 

out from the CC monolith and comparing the occurrences of stem bifurcations along the 

Sphagnum strands. Then we selected the 10 Sphagnum individuals with the highest 

bifurcation match, cut them into 1-cm sections, and combined them to generate enough 

materials for lipid extraction (~0.25 g dry wt.). We analyzed seven sectioned strand 

samples at 2-cm intervals. 

 

2.2.2.4. Cellulose isotope analysis 

The method of cellulose extraction followed the alkaline bleaching method 

(Kaislahti Tillman et al., 2010). Stem collections were transferred to disposable 

polypropylene columns (Poly-Prep). Samples were subjected to 5 rounds of 1.4% (w/v) 

sodium chlorite bleaching acidified with glacial acetic acid in a hot water bath at 80°C, 

each round for 50 min. Then, they were reacted with 10% (w/v) sodium hydroxide at 

75°C for 45 min and another 2 rounds of acidified sodium chlorite bleaching. The yielded 

α-cellulose was rinsed with distilled deionized water and transferred to small vials. 

Afterwards, samples were homogenized using an ultrasonic probe and freeze-dried. 

For oxygen and carbon isotope analysis, ~0.4 mg and ~1.1 mg cellulose materials 

were enclosed in silver and tin capsules, respectively. Strand subsamples were small in 

sample size, thus only ~0.25 mg and ~0.5 mg materials were used. 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 
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Europa 20-20 IRMS. Both isotopic analyses were carried out at the Stable Isotope 

Facility (SIF) of University of California, Davis. By convention, results of isotope ratio 

measurements were reported as δ notation (in per mille) referenced to VPDB (Vienna Pee 

Dee Belemnite) for δ13C and to VSMOW (Vienna Standard Mean Ocean Water) for δ18O. 

During analysis, samples were interspersed with replicates of established calibration 

standards and several check standards with known isotopic compositions. The check 

standards were used to monitor the analytical drift and size effect and corrections were 

applied when necessary to ensure analytical accuracy for sample measurements. 

Precision of measurements was assessed by standard deviation (1σ) of replicate analyses 

of standards, which was less than 0.09‰ for δ13C and 0.22‰ for δ18O. The standard 

deviation (1σ) of replicate analyses of samples for δ18O was less than 0.21‰, suggesting 

our cellulose samples were well homogenized. 

 

2.2.2.5. Leaf wax isotope analysis 

Prepared leaf wax samples were washed, freeze dried, and extracted for lipids 

using a Dionex Accelerated Solvent Extractor (ASE) with a 9:1 (v/v) solution of 

dichloromethane and methanol at 120 °C and 1200 psi. The total lipid extracts were 

separated over flash column chromatography with silica gel (40-63 µm, 60 Å), and the n-

alkanes were eluted with hexane. Concentrations of n-alkane compounds were 

determined on an Agilent 6890 gas chromatography-flame ionization detector (GC-FID), 

with an internal standard (hexamethylbenzene) added into each sample vial. The n-alkane 

compounds were identified by comparing the retention times with a mixture of external 

n-alkane standards (C25, C27, C29, C30, and C32 n-alkane). Compound-specific carbon 

isotope ratios and hydrogen isotope ratios for n-alkanes were determined on an Agilent 

HP-6890 gas chromatograph (GC) interfaced to a Thermo Finnigan Delta + XL stable 

isotope ratio mass spectrometry (IRMS) through a high-temperature pyrolysis reactor. 
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Both GC-FID and GC-IRMS analyses were carried out at Brown University. Detailed 

information about analytical methods could be found in Li et al. (2018). The compound-

specific n-alkane δ13C (referenced to VPDB) were measured once or twice, while δ2H 

(referenced to VSMOW) were measured in triplicate with means and standard deviations 

(1σ) determined. External standard mixture was also interspersed and measured 

throughout to monitor instrument performance. The isotopic compositions of these 

laboratory standards were established by repeated measurements after verifying the 

instrument performance using the standard compounds acquired from Indiana University. 

The offsets between measured and established δ2H values for laboratory standards during 

analyses of individual sample batches can range from 3 to 7‰. The offsets were used to 

correct sample δ2H on daily batches and ensure accuracy. Correction was not needed for 

sample δ13C as the offsets were very small (less than 0.1‰). The overall analytical 

precision was assessed using pooled standard deviation (1σ) of replicate analyses of 

standards or samples (C21, C23, and C25 n-alkane only) following Daniels et al. (2017), 

which was less than 0.23‰ for δ13C and 3.14‰ for δ2H. 

 

2.2.2.6. Water sample isotope analysis 

The squeezed leaf water and bog water samples were treated with activated 

charcoal and filtered to remove dissolved organic matter before being analyzed for 

hydrogen and oxygen isotope compositions using a Picarro model L1102-i isotopic liquid 

water and water vapor analyzer at Brown University. Samples were analyzed with 

Picarro ChemCorrect software and no sample was flagged as being contaminated. Each 

sample was measured in eight injections and the first two injections were discarded for 

between-sample memory. Four secondary isotopic standards were established by directly 

being calibrated against primary isotopic standards (VSMOW, USGS-46, and USGS-49). 

Accuracy was assessed by interspersing these secondary isotopic standards throughout 
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samples and comparing their measured values with established values. The offset was 

less than 0.43‰ for δ2H and 0.22‰ for δ18O. The overall analytical precision was 

assessed using pooled standard deviation (1σ) of replicate analyses of samples, which 

was 0.61‰ for δ2H and 0.10‰ for δ18O. 

 

2.2.2.7. Statistical analysis 

To statistically test the correlation among isotope data and WC measurements, we 

performed the Pearson correlation using scipy.stats.pearsonr function on Python v2.7.13 

to derive correlation coefficient (r) and p value. The correlation is considered significant 

when p is less than 0.05. 

 

2.3. Results 

Full datasets for field measurements and isotope analysis for surface samples are 

given in the Supplementary Table B1. The measured Sphagnum WC varied from 444% to 

1928% among all surface Sphagnum samples. The maximum WTD was 65 cm at 

hummock-to-tool transect at site VC. The sites AP and CC had WTD of 42 cm and 70 

cm, respectively. Surface Sphagnum cellulose δ13C values ranged from −32.1‰ to 

−24.1‰, and δ18O values ranged from 18.0‰ to 21.9‰. The concentrations of n-alkanes 

in surface Sphagnum samples ranged from 61 to 152 μg/g dry wt., and their distribution 

was dominated by n-C23, followed by n-C21 and n-C25, confirming n-C23 as the major 

biomarker for Sphagnum (Figure B1; Nichols et al., 2006). We observed that n-alkane 

distribution changed with WC (Figure B2), but we only presented and discussed isotope 

data in Sphagnum leaf wax biomarker n-C23 hereafter. Surface Sphagnum n-C23 δ
13C 

values ranged from −42.3‰ to −37.9‰, and n-C23 δ
2H values ranged from −219.4‰ to 

−196.4‰. Squeezed Sphagnum leaf water δ2H and δ18O values ranged from −72.3‰ to 

−19.1%, and from −8.9‰ to 0‰, respectively. Bog water δ2H and δ18O values ranged 



 

83 

from −89.2‰ to −77.1‰, and from −12.1‰ to −10.3‰, respectively, which were 

distinctly lower than squeezed leaf water data. 

Isotope data for long strand samples are given in the Supplementary Table B2. 

Cellulose δ13C and δ18O values along the long strands at site CC (1-cm increments) 

ranged from −29.5‰ to −28.3‰, and from 18.8‰ to 21.0‰, respectively. These ranges 

of isotopic variability are smaller for δ13C and larger for δ18O than that in surface 

Sphagnum samples at the same site. The concentrations of n-alkanes along the CC strands 

(seven samples) ranged from 51 to 90 μg/g dry wt., and their n-C23 δ
13C and δ2H values 

ranged from −41.7‰ to −40.2‰, and from −216.7‰ to −212.3‰, respectively. Cellulose 

δ18O and δ13C values along the long strands at site VC (2-cm increments) ranged from 

−29.7‰ to −28.6‰, and from 20.4‰ to 21.4‰, respectively. However, for VC strands, 

both these ranges of variability are smaller than that in VC surface Sphagnum samples, 

and such narrow variability impeded detecting sub-annual signals on the strands, likely 

due to the coarser analytical resolution (2cm increments rather than 1cm; Figure B3). We 

thus only discussed the results from long strands of site CC hereafter. 

 

2.3.1. Surface Sphagnum cellulose isotopic variability across moisture gradient  

The overall correlation between cellulose δ13C and WC among all samples across 

multiple sites is positive and significant (r = 0.78, p < 0.001), with lower δ13C values 

correlated with drier conditions (Figure 2.4a). In contrast, the overall correlation between 

cellulose δ18O and WC is negative but not statistically significant at the 95% level (r = 

−0.29, p = 0.051). Despite this, their correlations are statistically significant at the 

regional scale (see caption of Figure 2.1) in Karukinka Park (r = −0.52, p < 0.05) and 

Laguna Blanca (r = −0.71, p < 0.05), with higher δ18O values correlated with drier 

conditions (Figure 2.4b; Table B3).  
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For the hummock-to-pool transect at site VC, measured WC of Sphagnum was 

closely linked to the available WTD data, capturing localized moisture availability along 

the microtopographical transect. Towards the drier end of the transect (0–200 cm from 

hummock top), the range of WC was narrow with a mean of 840% (Figure 2.5c). 

Cellulose samples close to the hummock top had relatively lower δ13C values (lower than 

−29.5‰) and high δ18O values (higher than 19.8‰). The central portion of the transect 

(200–400 cm from hummock top) was characterized by a clear trend towards higher WC 

and shallower WTD, with increasing cellulose δ13C and decreasing cellulose δ18O. The 

highest δ13C value (−24.1‰) and the lowest δ18O value (18.0‰) were recorded from S. 

cuspidatum samples growing at the wettest end of the sampling transect (Figures 2.5a and 

2.5b). Statistically, cellulose δ13C and δ18O from site VC showed significant positive and 

negative correlations with WC, respectively (r = 0.94, p < 0.001; r = −0.83, p < 0.001; 

Figures 2.4a and 2.4b), even if S. cuspidatum data were excluded (r = 0.92, p < 0.001; r = 

−0.72, p < 0.01; Table B3). 

At site AP where samples were collected evenly from the edge to the center of 

peatland along a narrower range of WC than at VC, a significantly positive correlation 

between cellulose δ13C and WC was still found (r = 0.89, p < 0.01; Figure 2.4a), but not 

between cellulose δ18O and WC (r = −0.55, p = 0.13; Figure 2.4b). At site MT where 

samples were collected along a mountain slope, the reported significant correlations 

between cellulose δ13C and WC (r = 0.92, p < 0.01) and between cellulose δ18O and WC 

(r = −0.84, p < 0.05) appeared to be driven by two samples (Figures 2.4a and 2.4b) 

collected at high elevations, near the alpine treeline (Figure 2.2h). However, the site-

specific correlations between cellulose δ13C and WC and between cellulose δ18O and WC 

are statistically insignificant at sites VR (r = 0.58, p = 0.31; r = −0.29, p = 0.64) and CC 

(r = 0.22, p = 0.67; r = −0.34, p = 0.51), where the ranges of WC were narrow. Despite 

this, both VR and CC sites are in the same region (Laguna Blanca; Figure 2.1), and a 
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statistically significant correlations were achieved if data from both sites were combined 

(r = 0.68, p < 0.05; r = −0.71, p < 0.05; Figures 2.4a and 2.4b). 

 

2.3.2. Surface Sphagnum leaf wax isotopic variability across moisture gradient 

The positive correlation between n-C23 δ
13C and WC is weaker than cellulose 

dataset, but still significant (r = 0.24, p <0.05; Figure 2.4c). We found that the n-C23 δ
13C 

data per se are highly correlated with their corresponding cellulose δ13C (r = 0.93, p < 

0.001; Figure B4), thus the weaker correlation between n-C23 δ
13C and WC is likely an 

artifact of selective measurements in n-alkane isotope dataset. However, there was no 

significant correlation between n-C23 δ
2H and WC (r = 0.18, p = 0.56; Figure 2.4d). Data 

from seven samples from VC hummock-to-pool transect showed similar pattern (Figure 

2.5). 

 

2.3.3. Isotopic relationship among bog water, squeezed leaf water, plant cellulose and 

leaf wax 

Bog water isotope data were plotted very close to either global meteoric water 

line (GMWL) or local meteoric water lines (LMWL) and were similar to the isotopic 

composition of mean annual precipitation recorded in Global Network of Isotopes in 

Precipitation (GNIP; accessed from https://nucleus.iaea.org/wiser) station in Punta 

Arenas (Figure 2.6a). Squeezed Sphagnum leaf water was more enriched in 2H and 18O, 

and these leaf water isotope data fell on local Sphagnum evaporation lines (referred as 

LSEL hereafter) at a slope of 4.83, 5.60, and 3.87 in Karukinka Park region, Laguna 

Blanca region, and site MT, respectively (Figure 2.6a). We found that squeezed leaf 

water δ18O data were much more scattered than cellulose δ18O data and they were 

unexpectedly negatively correlated (r = −0.48, p < 0.01; Figure 2.6b). Interestingly, the 

higher squeezed leaf water δ2H and δ18O values seemed to be associated with the higher 
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WC (Figure 2.6b). There was no significant correlation between n-C23 δ
2H, which were 

selectively analyzed unlike cellulose dataset, and squeezed leaf water δ2H (r = 0.28, p = 

0.35; Figure B5). 

 

2.3.4. Isotopic variability along Sphagnum long strands 

For Sphagnum strands at site CC, stem bifurcations occurred mainly at 7−9 cm 

and 12−16 cm from capitula (Figure 2.7d). Plotting strand cellulose δ18O data versus each 

1-cm strand increment showed a sine function-like pattern, which aligned well with the 

growing season (likely October−April when average air temperature is higher than 5 °C 

without snow ground; Daley et al., 2012) monthly precipitation δ18O data in recent two 

years (2015 and 2014) recorded by the closest (~130 km away) GNIP station in Punta 

Arenas (Figures 2.7a and 2.7b). The n-C23 δ
2H signals along Sphagnum strands showed 

similar seasonal shifts, but the amplitude of variability was only 4.4‰ (Figure 2.7b). A 

plot of cellulose δ13C versus stem increment did not show any clear seasonal pattern 

(Figure 2.7c). Noteworthy were the highest δ13C values in sections of 18−20 cm and the 

decline in δ13C towards recent growth, leading to a roughly parallel trend between 

cellulose δ13C and Punta Arenas monthly precipitation anomaly record based on the 

Global Historical Climatology Network (GHCN; accessed from 

https://www.ncdc.noaa.gov/ghcnm/) data (Figures 2.7a and 2.7c). The n-C23 δ
13C data 

showed a similar decreasing trend as cellulose δ13C towards recent growth, but with a 

larger amplitude of shift from −40.1‰ to −41.7‰ (Figure 2.7c). 

 

2.4. Discussion 

2.4.1. Water content (WC) as an indicator of Sphagnum moisture availability 

To validate the response of paleohydrological proxy to moisture gradient in 

peatlands, usually WTD rather than plant tissue water content is measured, assuming that 
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a deeper WTD is associated with drier habitat, and vice versa (Markel et al., 2010; 

Loader et al., 2016; Granath et al., 2018). Indeed, WTD is one of the most important 

predictors of vegetation distribution and growth in peatlands (Rydin & Jeglum, 2013). In 

this study, however, we used WC to characterize Sphagnum moisture availability at their 

localized habitats (Van Bellen et al., 2014; Bramley-Alves et al., 2015; Royles et al., 

2016), and we argue that WC is an equivalent or even more sensitive moisture indicator 

than WTD for the following reasons. 

First, the difference in the mean and range of WC values between different sites 

conform to our field observation and sampling strategy (Figure 2.4; Table B1). For 

example, the site VR had a very low mean WC (595%) with a narrow range (243%), and 

our field observation indicated that this site was a very dry bog and maintained only a 

weak moisture gradient even across the sampled hummock-to-hollow transect (Figure 

2.2c). In contrast, the sites VC and AP had high mean WC of 1118% and 1203% with 

wide ranges of 1120% and 950%, respectively, in agreement with our field observation 

that these two sites were generally wet (Figs 2b and 2e) and with our sampling strategy 

that maximized the site-specific moisture gradient. WC was not correlated with mean 

annual precipitation inferred from regional climate model output (Table 2.1; Figure B6), 

suggesting that WC mainly reflects peatland-specific moisture conditions. Second, 

southern Patagonian peat bogs are usually characterized by WTD as deep as 70 cm 

(Table B1). As a result, Sphagnum capitula on the peatland surface might have weak 

hydrological connections with the deep peatland water table, while Sphagnum mosses 

typically only access water stored in the top 20 cm of peat (Nichols et al., 2010). The 

WTD and WC measurements across hummock-to-pool transect at site VC showed 

congruent trends, but they were not the same: Sphagnum samples collected at 60 cm and 

180 cm away from hummock top had WTD of 65 cm and 50 cm, respectively, but almost 

identical WC of ~880% (Figure 2.5c). Van Bellen et al. (2014) also found that WC was 
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not sensitive to WTD variations if WTD was greater than 40 cm in southern Patagonian 

peat bogs. Third, WC measurements have been applied to study how photosynthesis and 

respiration of bryophytes (in particular Sphagnum) respond to moisture regimes under 

controlled laboratory conditions or in the field known as plant–water relations (Dilks & 

Proctor, 1979; Titus et al., 1983; Rydin & McDonald, 1985; Murray et al., 1989; Rice & 

Giles, 1996; Schipperges & Rydin, 1998; Royles et al., 2013b). For example, Sphagnum 

mosses have been shown to have the maximum rate of photosynthesis at WC of 

700−1000%, while progressively wetter-than-optimum WC would only gently decrease 

photosynthesis rate but slightly lower-than-optimum WC would drastically slow or even 

cease photosynthesis (Schipperges & Rydin, 1998). However, field WC measurements 

were never applied to validate stable isotope proxies in peatlands, and it impeded our 

understanding how the expression of stable isotope variations in Sphagnum was tied to 

plant physiology. 

We acknowledge that our WC measurements represented only “snapshot” 

moisture conditions that were often complicated by factors including recent rainfall 

events, morning dew, evapotranspiration, and shading from co-existing vascular plants 

(Silvola & Aaltonen, 1984; Titus & Wagner, 1984; Murray et al., 1989; Williams & 

Flanagan, 1996; Van Bellen et al., 2014). Weather station data from Punta Arenas (not 

shown) indicated that there was only 1.1 mm precipitation at least two weeks prior to 

sample collection, thus the impact of recent precipitation was very limited. 

Microtopography is the major driver of WC variability at the time of sample collection as 

shown in the transect at site VC (Figures 2.2b and 2.5). Therefore, we think that the 

measured WC represents the moisture gradient in which Sphagnum would experience 

over the majority course of growing season, at least in the one to three months before 

sample collection. However, it is unclear how the absolute values of WC at each 

sampling location would change temporally, particularly for hollow microforms where 



 

89 

desiccation often occurs (Rydin & Jeglum, 2013). Future studies should collect field 

Sphagnum WC data over the complete growing season to understand its natural short-

term and long-term variability at different microforms in peatlands. A few existing 

studies have shown that the WC of Sphagnum displays a degree of stability on daily and 

monthly scales (Silvola & Aaltonen, 1984; Titus & Wagner, 1984).  

 

2.4.2. Carbon isotope signatures in Sphagnum controlled by the water film effect 

Sphagnum mosses growing at different peatland sites are using the same 

atmospheric CO2 source for photosynthesis. If recycled CO2 was insignificant, their 

cellulose δ13C should be primarily affected by plant-specific growth conditions. Species 

effects of leaf anatomy/physiology were excluded in our study as we focused on single 

species S. magellanicum. The significantly positive correlations between cellulose δ13C 

and WC, either from a single site or from all sites together, indicate strong sensitivity of 

Sphagnum cellulose δ13C to moisture availability, as explained by the water film effect 

(Figure 2.4a). A few additional measurements on wet-adapted species S. cuspidatum—

which possesses triangle-shaped photosynthetic cells exposed at the leaf surface instead 

of being enclosed by hyaline cells as in S. magellanicum (Rice & Giles, 1996; Loisel et 

al., 2009)—showed very high cellulose δ13C values (−24.7‰ on average) that 

characterized strong CO2 diffusional resistance at extreme wetness, consistent with WC 

data (Figure 2.5b). It suggested that any species effects of leaf anatomy were overprinted 

by the expression of water film effect. Furthermore, a previous study showed that the 

pool species S. cuspidatum could have δ13C value as low as −34.7‰ (Proctor et al., 

1992), which indicated the contribution of recycled CO2 in wet habitat, but in our dataset, 

there was no sign of extremely negative δ13C signals caused by recycled CO2. However, 

we also found that cellulose δ13C and mean annual precipitation inferred from regional 

climate output had a weak, but significant, cross-site negative correlation (r = −0.32, p< 
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0.05), in opposite to the water film effect (Figure B6). Although the mechanism for this 

observation was unclear, hereafter we only discuss the WC effect that exhibited strong 

and multi-level control on cellulose δ13C. 

Sphagnum n-C23 δ
13C data also support the water film effect (Figure 2.4c), and the 

strong correlation between n-C23 δ
13C and cellulose δ13C with a regression equation slope 

of 1.01 (Figure B4) implied that moisture gradient affected cellulose and n-alkanes δ13C 

similarly. The interception in regression function perhaps mean the offset of fractionation 

(~10.7‰) between n-alkane and cellulose biosynthesis (Figure B4). 

 

2.4.3. Cellulose oxygen isotope signatures in Sphagnum influenced by evaporative 

enrichment 

It has been well understood that Sphagnum cellulose δ18O is controlled by source 

water δ18O by an offset of biochemical enrichment factor, but source water in Sphagnum 

leaves likely has been additionally modified by evaporative enrichment relative to 

precipitation input (Price et al., 2009; Loader et al., 2016). If precipitation δ18O was 

invariant and if the degree of evaporative enrichment of 18O in leaf water was higher in 

drier Sphagnum (Ménot-Combes et al., 2002), we would expect a negative correlation 

between cellulose δ18O and WC. Our data showed such negative correlations at site-

specific scale and at regional scale (Figure 2.4b), supporting the strong influence of 

evaporative enrichment on Sphagnum cellulose δ18O signals. However, correlation was 

insignificant when data from all sites were combined. This could be explained by certain 

spatial variability in precipitation δ18O signals induced by local topography and air-mass 

trajectories in terrain-complex Patagonia (Daley et al., 2012; Xia et al., 2018). Despite a 

lack of regional precipitation isotope measurements, our opportunistic samples of bog 

water that isotopically were close to yearly averaged precipitation indicated that 
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precipitation δ18O in Laguna Blanca region might be 1−2‰ lower than in Karukinka Park 

region (Figure 2.6a). 

However, our squeezed leaf water isotope data appeared to not support the idea 

that evaporative enrichment of 18O was progressively larger with lower WC. Although 

our sampling approach can only collect ephemeral “bulk” leaf water during that particular 

day rather than over a time span, the significantly negative relationship between cellulose 

and squeezed leaf water δ18O (r = −0.48, p < 0.01; Figure 2.6b) is contradictory to the 

physiological models that have been widely tested. This observation is similar to another 

study on New Zealand peatland rushes (Empodisma spp.) that found root cellulose δ18O 

was negatively correlated with root water and precipitation δ18O (Amesbury et al., 2015). 

We also suggested that this observation in Sphagnum may provide some insights into the 

nature of metabolic water in Sphagnum leaves.  

The most plausible explanation is that our “bulk” leaf water collected by 

squeezing the capitula did not represent the metabolic water used for cellulose 

biosynthesis. Sphagnum have great water retention capacity by hyaline cells in the leaves 

and the outer cortex of the stems, but most of the water is stored between the leaves 

known as external capillary spaces, i.e., outside hyaline cells (Murray et al., 1989; Rydin 

& Jeglum, 2013). This external capillary water is an essential functional component in 

the physiology of many bryophytes (Dilks & Proctor, 1979; Proctor et al., 1998). Figure 

2.6b showed that Sphagnum with higher WC tended to have higher squeezed leaf water 

δ18O, and statistical analysis suggested they were positively correlated (r = 0.46, p < 

0.01). If Sphagnum with higher WC had higher percentage of water outside hyaline cells 

and if this fraction of external water was strongly modified by unsteady-state 

evaporation, our squeezed leaf water would be biased towards higher δ18O values that 

might not represent the isotopic composition of leaf water inside hyaline cells (internal 

water), driving the observed negative correlation. This situation is very likely, as the 
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laboratory experiment by Price et al. (2009) found that their squeezed “pore water” in the 

top 5 cm section of Sphagnum peat had the δ18O value over 6‰ higher than irrigated 

water after just one day. Another recent study also proposed that Sphagnum capitula 

water collected by squeezing had been more evaporatively enriched relative to the net 

isotopic composition of the water (here we called “internal water”) used for cellulose 

biosynthesis (Loader et al., 2016), supporting our speculation. 

Furthermore, drier Sphagnum such as those growing on hummocks could allocate 

resources into structural carbohydrates at the cost of metabolic carbohydrates and this 

strategy aided in maintaining high water retention capacity (Turetsky et al., 2008). As a 

result, Sphagnum in drier habitat could survive dry conditions and still grow, and their 

cellulose δ18O might be able to record a moderate degree of evaporative enrichment 

signal (Aravena & Warner, 1992). In contrast, wetter Sphagnum such as those growing in 

hollows or pools had higher collective surface area and could dry out quickly, thus their 

growth was limited by desiccation (Rydin & Jeglum, 2013). As a result, Sphagnum in 

depressions might cease to grow and fail to register evaporative enrichment signal. 

However, our field observation found no sign of desiccation for Sphagnum growing in 

depressions during sampling, such as the pool in the site VC (Figure 2.2b). In fact, at this 

site S. cuspidatum floating on the edge of pool had the lowest cellulose δ18O value 

(18.0‰; Figure 2.5b), while pool water likely was highly enriched in 18O due to exposure 

to air. Instead, we further speculate that for Sphagnum with higher WC their internal 

water was partitioned and protected from evaporation by the presence of thicker external 

water, thus their metabolic water likely was rarely modified by evaporative enrichment, 

but isotope signals of this internal water were poorly represented in that of squeezed leaf 

water we measured. 

The median enrichment factor between squeezed leaf water and cellulose δ18O 

was 26.0‰, but if we used precipitation δ18O in the recent one to three months from 
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Punta Arenas GNIP data as the source water input, the median enrichment factors would 

range from 28.5‰ to 30.7‰ (Figure B7). Although the uncertainty in biochemical 

fractionation of cellulose biosynthesis has been estimated as ±1‰ (Daley et al., 2010) or 

±3‰ (Zanazzi & Mora, 2005), the widely accepted value of 27‰ (Sternberg, 2009) was 

above the enrichment factor calculated from squeezed leaf water data, but below the 

enrichment factor calculated from precipitation data, suggesting that internal metabolic 

leaf water were indeed enriched in 18O relative to precipitation, but not as much as our 

measured values from squeezed leaf water suggested. 

 

2.4.4. Leaf wax hydrogen isotopes in Sphagnum insensitive to moisture gradient 

Although Sphagnum cellulose δ18O data showed sensitivity to record evaporative 

enrichment of 18O in metabolic leaf water, the n-C23 δ
2H signals showed a muted 

response to moisture gradient and did not record the evaporative enrichment of 2H in 

proportional to that was expressed in cellulose δ18O dataset (Figures 2.4d and 2.5a). This 

requires explanation, and we propose two possible mechanisms below. 

First, in general biochemical fractionations in hydrogen isotopes are much more 

complex than in oxygen isotopes (Yakir, 1992; Sachse et al., 2012). The pathway of 

biochemical fractionation in cellulose δ18O lies in the post-photosynthetic (heterotrophic) 

exchange reactions during carbonyl hydration, with a well-conservative enrichment factor 

centered at ~27‰ for cellulose relative to source water (Sternberg et al., 1986; Sternberg, 

2009). However, biochemical fractionations of hydrogen isotopes in either cellulose or n-

alkanes represent a balance between autotrophic and heterotrophic metabolisms that 

resulted in 2H depletions and enrichments in carbohydrate intermediates, respectively 

(Yakir, 1992; Sessions et al., 1999). A series of hydrogen addition, removal, and isotopic 

exchange reactions are involved in heterotrophic processing of carbohydrates (Sachse et 

al., 2012; Mora & Zanazzi, 2017). As a result, the hydrogen atoms on the final n-alkane 
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products could originate from metabolic leaf water, biosynthetic precursors, and NADPH 

(Sessions et al., 1999; Sachse et al., 2012). Sphagnum metabolic leaf water δ2H 

variations, if any, might be smoothed in n-alkane δ2H due to complex hydrogen isotope 

fractionation pathway. 

Second, kinetic fractionation of hydrogen isotopes is smaller than oxygen 

isotopes. Evaporation of leaf water involves both equilibrium and kinetic isotope effects. 

The equilibrium fractionation factor for hydrogen isotopes differs from oxygen isotopes 

by a well-known factor of ~8, which accounts for the slope of GMWL in δ2H–δ18O 

space. A lower kinetic fractionation factor for hydrogen isotopes than oxygen isotopes 

accounts for the lower slope of local evaporation line (LEL) than GMWL, the former of 

which typically is in the range from 5 to 7. That said, theoretical prediction of the LEL 

(Mayr et al., 2007a) is based on the Craig–Gordon model (Craig & Gordon, 1965). 

Again, Sphagnum mosses lack stomata and evaporate leaf water through tiny pores on 

hyaline cells, preventing liquid-vapor interaction. Therefore, the Rayleigh model better 

characterizes the evaporation process in Sphagnum hyaline cells (Nichols et al., 2010): 

lnf = –
δs – δp

εe + εk

 1  (3) 

where δs and δp are the isotopic composition of Sphagnum leaf water and precipitation, 

respectively; εe and εk are the equilibrium and kinetic enrichment factors, respectively; 

and f is the fraction of water remaining after evaporation. Then the slope (S) of LSEL 

under gradual Sphagnum leaf water loss is: 

S = 
εe

H + εk
H

εe
O + εk

O
 1  (4) 

where εe
H 1 

 
and εk

H 1 
 
are the equilibrium and kinetic enrichment factors for hydrogen 

isotopes, respectively, and εe
O 1  and εk

O 1 
 
are the equilibrium and kinetic enrichment factors 

for oxygen isotopes, respectively. As an exercise, we used an average summer mid-day 

time temperature (17.4 °C or 290.55 K) and relative humidity (70.0%; Loader et al., 
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2016) representative for southern Patagonian peat bog conditions to derive these 

enrichment factors based on previously established models (Gonfiantini, 1986; Horita & 

Wesolowski, 1994): the εe
H 1 , εk

H 1 , εe
O 1 , and εk

O 1 
 
are 83.83‰, 3.75‰, 9.96‰ and 4.26‰, 

respectively. Then Eq. (4) predicted a model-based slope of LSEL at 6.15 under an ideal 

Rayleigh process. If the model accurately described the moss leaf water evaporation, it 

implied that δ2H increased by only 6‰ (compared to 8‰) when δ18O increased by 1‰ in 

evaporated Sphagnum leaf water. This increase in leaf water δ2H was only 1.9 times as 

large as the analytical uncertainty (1σ) in n-alkane δ2H, but for cellulose δ18O it was 4.5 

times as large. 

However, the model-based slope of LSEL was lower than the slopes regressed 

empirically from squeezed leaf water isotope data, the latter of which from our dataset 

were as low as 3.87, 4.83, and 5.60 (Figure 2.6a), and from Loader et al. (2016) were 

3.01 and 6.03. Again, these squeezed leaf water samples might not represent internal 

metabolic leaf water, but they had been mixed with external water between leaves. The 

lower slopes observed than modelled might indicate the importance of atmospheric water 

vapor exchange with external leaf water, which could affect the slopes of evaporation 

lines (Mayr et al., 2007a). Therefore, reliable approaches to collect plant tissue water in 

waterlogged peatlands must be further explored to test the hypothesis on the separation of 

internal and external leaf water and to study peatland isotope hydrology and plant 

physiology (Amesbury et al., 2015). 

 

2.4.5. Relationships between cellulose carbon and oxygen isotopes 

As both Sphagnum cellulose δ13C and δ18O exhibited sensitivity to moisture 

gradient, scatter plots of cellulose δ18O vs. δ13C showed negative correlations (Figure 

2.8), which were significant at sites VC (r = −0.80, p < 0.001) and MT (r = −0.81, p < 

0.05), as well as among Karukinka Park region (r = −0.67, p < 0.001), but not at the other 
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sites (Table B3). The reason for insignificant relationships at other sites might be due to 

insufficient data points or narrow WC gradients. Our analysis of cellulose isotope data 

reported at another study site Laguna Parrillar (LP; Loader et al., 2016) with samples 

collected across a transect with multiple hummocks and hollows also showed a 

significantly negative correlation (r = −0.51, p < 0.05; Figure 2.8). 

Therefore, we report, for the first time to our knowledge, the intrinsic relationship 

between two isotope ratios in Sphagnum. We show that, in S. magellanicum, moisture 

availability influences cellulose δ13C via water film effect on discrimination against 

13CO2 and similarly can imprint on cellulose δ18O via evaporative enrichment of 18O in 

metabolic leaf water. Our additional observation on wet-adapted species S. cuspidatum 

showed that their isotope data were in the same trajectory as S. magellanicum data at the 

VC transect (Figures 2.5a and 2.5b). This finding is in line with increasing evidence that 

Sphagnum species-specific effects on biochemical fractionations are minimal, and that 

the observed inter-species differences in isotopic composition can largely be explained by 

their favored ecological ranges rather than by any divergences in isotopic fractionation 

metabolism (Rice & Giles, 1996; Loisel et al., 2009; Daley et al., 2010; El Bilali & 

Patterson, 2012). 

More empirical data are needed to investigate if the observed relationships are 

robust among different species and are consistent in different regions. A caveat given by 

Royles and Griffiths (2015) is that bryophyte cellulose carbon isotope signal reflects the 

condition of maximum CO2 assimilation, while oxygen isotope signal mainly reflects the 

condition of maximum cellulose biosynthesis. This temporal separation in photosynthesis 

and cellulose biosynthesis has been demonstrated in a controlled laboratory experiment 

on a desiccation-tolerant moss species Syntrichia ruralis (Royles et al., 2013b). This 

moss species experiences substantial daily fluctuations in WC, attaining moisture rapidly 

following a rainfall event or early morning dew and then drying out completely in hours. 
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The maximum cellulose biosynthesis occurs at saturation (with a WC of 400%), while the 

maximum CO2 assimilation occurs at substantial desiccation (with a WC of 110%) but 

before complete desiccation (Royles et al., 2013b). It likely also explained a lack of 

correlation between cellulose δ13C and δ18O in Antarctic peatbank mosses 

Chorisodontium aciphyllum and Polytrichum strictum from non-waterlogged habitats that 

do not have a persistent external water film (Royles et al., 2012; Royles & Griffiths, 

2015). In contrast, Sphagnum mosses inhabit waterlogged peatlands, retain water in their 

hyaline cells, have a well-developed capillary network, and maintain a persistent external 

water film. As a result, the short-term variation of WC is relatively much less variable 

(Silvola & Aaltonen, 1984; Titus & Wagner, 1984) and its influence on physiological 

function is minimal for this genus. The correlation between Sphagnum cellulose δ13C and 

δ18O suggests a possible convergence in the timing of CO2 assimilation and cellulose 

biosynthesis. Undertaking experimental studies on Sphagnum under controlled laboratory 

condition is also useful to understand the coupled processes between carbon and water (H 

and O) isotope fractionations (Brader et al., 2010). More importantly, ecophysiological 

modeling on the Sphagnum water film effect on δ13C will be useful as it can tie carbon 

isotope fractionation caused by water resistance of CO2 diffusion to oxygen isotope 

fractionation explained by the evaporation model. The coupled water film and 

evaporation model could predict the theoretical value of slope in cellulose δ13C−δ18O 

relationship to be compared with empirical regression values, which from our data ranged 

from −0.91 to −0.38 (Table B3). However, our two-tailed t-test with pooled variance 

(Armitage et al., 2001) suggested that these empirical slope values were not significantly 

different from each other (Table B4), thus modeling efforts may offer new insights. 
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2.4.6. Isotopic signals in Sphagnum strand increments document recent growing season 

conditions 

We acknowledge that the phase matching between strand cellulose δ18O and 

GNIP precipitation δ18O data was arbitrary, and that moss growth was still likely during 

months with snow ground (May−September). However, the robust correspondence 

between our cellulose δ18O “time-series” from long strands at site CC and the GNIP 

precipitation δ18O record at Punta Arenas, including the relatively low δ18O values in 

2015 and relatively high δ18O values in 2014, suggested that stem increments of 

Sphagnum could record monthly and seasonal changes in precipitation δ18O signal over 

their growing seasons (Figures 2.7a and 2.7b). The amplitude of observed GNIP 

precipitation δ18O variability (6.3‰ and 4.5‰ for monthly data and three-month 

averaged data, respectively) was more than twice as large as the variability in cellulose 

δ18O data (2.2‰ and 1.7‰ for individual and three-point average data, respectively; 

Figures 2.7a and 2.7b). This discrepancy could partly be explained by newly proposed 

temperature-dependence of biochemical fractionation factor during cellulose biosynthesis 

that might play a larger role on seasonal scale (Sternberg & Ellsworth, 2011). In Punta 

Arenas, mean air temperature during the warmest month is ~5°C higher than that of 

shoulder seasons (spring and autumn). Based on Sternberg and Ellsworth (2011) model, 

temperature seasonality could account for ~1.6‰ difference in εb, which would dampen 

seasonal variability in cellulose δ18O, although temperature-dependence hypothesis was 

recently challenged by Zech et al. (2014). Another possibility is about Sphagnum 

metabolic leaf water turnover time, which, if lasting for months, could partly explain the 

dampened variability in cellulose. The n-C23 δ
2H signals along Sphagnum strands showed 

similar seasonal shifts, but the amplitude of variability is only 4.4‰ (10.3‰ if 1σ error 

was considered; Figure 2.7b). This might be explained by the same reason for the lack of 

variability in surface Sphagnum n-C23 δ
2H data or that combining ten individual strand 
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sections for lipid extraction would smooth out much the actual isotopic signals on each 

individual strand. 

The apparent seasonal cycle that was recorded in the Sphagnum strands implied 

rapid strand increment at an average rate as high as 1.13±0.05 cm/month (error was 

standard deviation, 1σ) estimated by matching the tie points (Figures 2.7a and 2.7b), 

although we do not have direct dating evidence on the exact “age” of Sphagnum strands. 

This value is much higher than the average Sphagnum growth rates reported from boreal 

peatlands (Loisel et al., 2012), but consistent with the notion that Patagonian peatlands 

could have several times higher peat accumulation rates than boreal counterparts due to 

weak temperature seasonality and an even distribution of precipitation throughout the 

year (Loisel & Yu, 2013a). In addition, the measured WC at site CC (869% in average) is 

right within the optimal range of WC (700−1000%), by which Sphagnum gain maximum 

rate of photosynthesis (Schipperges & Rydin, 1998). Notably, Sphagnum growth rate in 

the literature was usually measured by the cranked wire method (Clymo, 1970; Loisel et 

al., 2012), which may underestimate the strand incremental rate due to disturbance and 

compaction (Figures 2.2a and 2.2b). Laboratory controlled experiments by Brader et al. 

(2010) showed that strand increment rates for S. magellanicum were 0.92±0.10 and 

0.75±0.12 cm/month (error was standard deviation, 1σ, in their original study) in their 

specified dry and wet conditions, respectively, which were actually slower than other 

Sphagnum species. A field study in New Zealand showed that the dominant S. cristatum 

could have strand increment rates between 0.75 and 3 cm/month during growing seasons 

(Stokes et al., 1999). Our rapid Sphagnum growth rate inferred from the incremental δ18O 

data is also supported by other relevant observations: (1) stem bifurcations that occur 

frequently in summer and autumn, but not in spring (Sobotka, 1976), have a rhythm at 

every ~7 cm (Figure 2.7d); (2) high concentrations of n-alkanes match the summer 

season during which water deficits occurred (Charman, 2007) and more leaf waxes were 
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produced to prevent water loss (Figure 2.7d); and (3) the decline in cellulose and leaf wax 

δ13C towards recent growth increments (Figure 2.7c), likely responding to drier 

conditions, is consistent with a large negative precipitation anomaly (60% less 

precipitation than normal), and the highest cellulose δ13C values at 18−20 cm section 

(Figure 2.7c) match the only month of positive precipitation anomaly (Figure 2.7d). 

 

2.4.7. Implications for peat-based paleoclimate reconstructions 

Our modern process study on Sphagnum strands showed that the temporal 

changes in Sphagnum strand cellulose δ18O track monthly and seasonal changes in 

precipitation δ18O, but cellulose δ18O values in surface Sphagnum samples along a 

moisture gradient are primarily influenced by moisture availability and evaporative 

enrichment. This begs the question about which environmental signal is primarily 

preserved in peat records over longer timescales. We here propose that paired carbon and 

water (H or O) isotope measurements in Sphagnum cellulose or leaf wax biomarker can 

be used as a new approach to constrain the effect of moisture availability and associated 

evaporative enrichment effect, in order to extract precipitation δ18O signal in peat-based 

climate reconstructions. 

Interpreting peat-based proxy-climate data is often complicated by mixture of 

autogenic (ecological) and allogenic (climatic) processes that would complicate proxy-

climate relationships (Swindles et al., 2012). For example, cyclic alternations between 

wet- and dry-adapted plant macrofossils in peat records from the same region could have 

a site-specific frequency, which could be caused by ecohydrological feedback and 

autogenic processes in vegetation patterning (Loisel & Yu, 2013b). Therefore, multiple 

peat records from the same region are often needed to identify any regionally consistent 

signals that could have been caused by climate shifts (Barber et al., 2000; Barber et al., 

2003; Booth et al., 2006). 
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We found that in southern Patagonian peat bogs surface Sphagnum cellulose δ13C 

and δ18O are negatively correlated in modern settings as a response to a common 

moisture gradient. Were Sphagnum cellulose δ13C and δ18O also negatively correlated in 

peat-core profiles, this would suggest that moisture availability and evaporative 

enrichment were the dominant factors controlling cellulose δ13C and δ18O variations that 

were not necessarily driven by climate shifts. For example, in peat records, a concurrent 

shift to higher δ13C and lower δ18O values could be explained by a climate-driven 

increase in bog surface wetness along with a decrease in precipitation δ18O as in Roland 

et al. (2015), but it could alternatively be explained by a non-climate-driven 

ecohydrological feedback, such as a shift from a dry to wet microform (Loisel & Yu, 

2013b) that would decrease evaporative enrichment in 18O. However, if there were a lack 

of negative correlations, it would indicate that the down-core variations in cellulose δ18O 

reflected climate-driven shift in precipitation δ18O. For example, our Sphagnum cellulose 

isotope records from a peat bog in Patagonia showed sustained positive correlations 

between δ13C and δ18O time series: higher cellulose δ13C intervals implying wetter 

conditions were associated with higher cellulose δ18O intervals that could not be 

explained by enhanced evaporative enrichment in 18O, but rather indicated an increase in 

precipitation δ18O (Xia et al., 2018). Therefore, in this case, although variations in 

cellulose δ13C could still be non-climate-driven, coupling cellulose δ13C and δ18O as a 

pair has the potential to deconvolve the precipitation δ18O signal from local 

ecohydrological noises due to evaporative enrichment. This “dual isotopes” approach is 

also suitable for Sphagnum leaf wax biomarker analysis in peat, given that many 

postglacial and Holocene peat deposits tend to contain poorly preserved Sphagnum 

macrofossils. Sphagnum n-C23 δ
2H data that showed insensitivity to modern moisture 

gradient could be used to infer large-scale shift in precipitation δ2H after the fractionation 

factor between n-C23 and source water δ2H is further constrained (Figure B7).  
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The coupling of isotopic fractionations associated with carbon and water cycling 

should be further explored empirically in Sphagnum-dominated peatlands as well as in 

other peat-forming ecosystems such as peatbanks in the Antarctic Peninsula (Royles & 

Griffiths, 2015). The correlations between moss carbon and water (H or O) isotope ratios 

could be further constrained by undertaking experimental studies under controlled 

laboratory conditions or by quantifying the coupling between water film and evaporation 

effects using ecophysiological models. Such studies would expand the toolbox in the 

study of peat-climate dynamics. 

 

2.5. Conclusions 

Cellulose and n-alkane δ13C of dominant species Sphagnum magellanicum in 

southern Patagonian peat bogs were sensitive to local moisture gradients measured by 

water content and were strongly controlled by the water film effect. Cellulose δ18O also 

showed a moderate response to local moisture gradient brought by differential 

evaporative enrichment in 18O in metabolic leaf water, but n-alkane δ2H showed a muted 

response, likely because hydrogen isotopes have a more complex biochemical 

fractionation pathway and a smaller kinetic fractionation during leaf water evaporation. 

Because both Sphagnum cellulose δ13C and δ18O showed response to local moisture 

gradient, they were negatively correlated in modern setting. The coupled Sphagnum 

carbon and water isotope fractionations observed in our study provided a conceptual 

model to interpret peat-core isotope data for paleoclimate reconstruction and should be 

further understood by more observational data, laboratory experiments, and 

ecophysiological modeling. Rapidly growing Sphagnum strands in southern Patagonia 

could document monthly-to-seasonal changes in precipitation δ18O, confirming the 

sensitivity of Sphagnum cellulose to record long-term changes in precipitation δ18O in 

peat cores. Even if such signals were complicated by evaporative enrichment or 
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autogenic peatland process, paired cellulose (δ13C and δ18O) measurements will constrain 

peatland paleohydrology and aid in interpreting cellulose δ18O time series by examining 

the down-core correlation between cellulose δ13C and δ18O data. 
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Figure 2.1. Map of southern Patagonia shown with digital elevation model and study site 

locations. The extent of peatland-dominated area (peatland covering at least 5% of 

landmass) is based on Yu et al. (2010). Dark red circles show peatland sites discussed in 

this study: 1–Villa Runeval (VR), 2–Cordillera Chilena (CC), 3–Laguna Parrillar (LP; 

Loader et al., 2016), 4–Monte Tarn (MT), 5–Mirador Laguna Cura (MLC), 6–Valle de 

Consejo (VC), 7–Ariel Peatland (AP), 8–Azopardo (AZ). The sites VR and CC are in the 

Laguna Blanca region, and the sites MLC, VC, and AP are in the Karukinka Park region. 

Blue triangles also show major cities in this region where the Global Network of Isotopes 

in Precipitation (GNIP) data are available. 
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Figure 2.2 (previous page). Aerial and ground photos showing diverse peatland 

hydromorphology. (a, b) Site VC, a raised and patterned bog where a large hummock-to-

pool transect was sampled with its location shown as blue star in aerial view. (c) Ground 

photo of site VR, a very dry bog with hummock-hollow patterning. (d, e) Site AP, an 

open bog with relatively flat bog surface with its center dominated by pure Sphagnum 

carpets. (f, g) Site CC, a high-elevation bog on a gentle slope. (h, i) Site MT, a wooded 

bog with Sphagnum covering vast blanket on a mountain slope, with treeline outlined on 

aerial view (dashed line). Filled blue symbols in some aerial photos indicate the locations 

of surface Sphagnum samples collected with a goal to capture intra-site moisture 

gradient. All ground photos were taken by Z. Yu. Aerial photos were taken on an 

unoccupied aerial vehicle (drone) by J. M. Stelling (a, d) or derived from Google Earth 

imagery (f, h). 
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Figure 2.3. Photos of (a) monolith from site CC and (b) monolith from site VC. (c) Photo 

shows that long Sphagnum strands extracted from monolith CC were lined up for 

subsampling on stem increments for isotope analysis. Position of stem bifurcation are 

marked. 



 

115  



 

116 

Figure 2.4 (previous page). Scatter plots showing the relationships between (a) Sphagnum 

cellulose δ13C and water content (WC); (b) cellulose δ18O and WC; (c) Sphagnum n-

alkane δ13C and WC; and (d) n-alkane δ2H and WC. Scatter colors represent different 

sites. Error bars in (c) and (d) are standard deviation (1σ) of replicate measurements in 

compound-specific isotope analysis. Black regression lines indicate significant 

correlations from all data points. Gray and orange regression lines indicate significant 

correlations from data points of Laguna Blanca region and Karukinka Park region, 

respectively. Other colored regression lines indicate site-specific significant correlations. 
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Figure 2.5. Variations in Sphagnum cellulose and n-alkane isotopic compositions along 

moisture gradient in hummock-to-pool transect at site VC. (a) Cellulose δ18O (blue 

circles) and n-C23 δ
2H (purple triangles). (b) Cellulose δ13C (orange circles) and n-C23 

δ13C (green inverted triangles). (c) Measured water table depth (WTD; black squares) at 

sampling points and measured Sphagnum water content (WC; gray diamonds). Open 

circle symbols in (a) and (b) are data points corresponding to special species S. 

cuspidatum. Error bars in (a) are standard deviation (1σ) of replicate measurements in 

compound-specific isotope analysis. 
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Figure 2.6 (previous page). (a) Scatter plot showing the relationship between δ2H and 

δ18O for monthly precipitation (during year 2015, the year right prior to our sampling 

excursion in January 2016) based on GNIP data from Punta Arenas (white triangles), bog 

water (colored squares), and leaf water (colored circles). Global meteoric water line 

(GMWL; solid black line) and local meteoric water lines (LMWL) derived from Punta 

Arenas (δ2H = 6.69 δ18O − 10.65; during 1990–2015; solid dotted line) and Ushuaia (δ2H 

= 6.84 δ18O – 8.57; during 1981–2002; solid dash-dotted line) GNIP data are also shown. 

A few GNIP isotope data that were erroneously positive or were suspected being affected 

by evaporation were not included to derive LMWLs. Local Sphagnum evaporation lines 

(LSEL) are regressed from leaf water data points of Karukinka Park region (δ2H = 4.83 

δ18O – 26.90; orange line), Laguna Blanca region (δ2H = 5.60 δ18O – 23.68; gray line), 

and site MT (δ2H = 3.87 δ18O – 26.60; cyan line). (b) Scatter plot showing the 

relationship between cellulose δ18O and leaf water δ18O. Larger symbols indicate wetter 

conditions measured by WC. The black regression line indicates significant correlation 

from all data points. In both (a) and (b), scatter colors represent different sites. 



 

120 

Figure 2.7. Changes in Sphagnum cellulose and n-alkane isotopic compositions along 

Sphagnum strands at site CC. (a) Growing season monthly precipitation δ18O values 

(open circles with three-point average dashed spline line) based on GNIP data from Punta 

Arenas. The top x-axis is time (month), with tick labels D, N, O, A, M, F, and J, refer to 
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December, November, October, April, March, February, and January, respectively. Other 

months are not considered within the growing seasons. The δ18O values for January 2014 

and December 2013 were erroneously positive and were not shown. The bar chart plotted 

on the right y-axis is Punta Arenas monthly percentage of precipitation anomaly relative 

to its long-term monthly mean, based on data from the Global Historical Climatology 

Network (GHCN). (b) Sphagnum strand cellulose δ18O (blue circles with three-point 

average spline line) and n-C23 δ
2H (purple triangles) versus distance from Sphagnum 

capitula. The cross symbols at bottom of (a) and (b) marked the local minimum and 

maximum δ18O in three-point average spline lines, which were used as tie points to 

determine stem incremental rate. (c) Sphagnum strand cellulose δ13C (orange circles with 

three-point average spline line) and n-C23 δ
13C (green inverted triangles) from the same 

sample with (b). (d) n-Alkane concentrations in analyzed leaf wax samples. Histogram at 

bottom is the frequency count of stem bifurcation positions on Sphagnum strands. 
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Figure 2.8. Scatter plot showing the relationship between Sphagnum cellulose δ13C and 

δ18O data from every site in this study, plus data from site LP (Loader et al., 2016). 

Larger symbols indicate wetter conditions measured by WC (sites from this study) or 

WTD (site LP where WC was not measured). Scatter colors represent different sites. Site-

specific significant correlations are indicated by colored regression lines. Note that 

cellulose was extracted from Sphagnum capitula in Loader et al. (2016), while cellulose 

was extracted from Sphagnum stems in this study. 
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Table 2.1. Summary information for study sites and their peatland hydromorphology 

descriptions. 
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Appendix B: Supporting information for Chapter 2 

 

Figure B1. Average n-alkane distribution for analyzed Sphagnum magellanicum samples 

(including 13 surface samples and 7 strand samples). Gray error bars denote the standard 

deviation (1σ) of data.
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Figure B2. Correlation between n-C23/n-C29 and water content (WC) among surface 

Sphagnum samples. Scatter colors represent different sites. Regression lines are shown 

with r and p values of correlation (black line for all samples and blue line for samples 

from site VC). 
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Figure B3. Cellulose (a) oxygen isotope and (b) carbon isotope compositions along 

Sphagnum strands at site VC. Isotopic variability along strands is present but less clear 

and less dramatic than densely analyzed strands from site CC.
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Figure B4. Correlation between n-C23 and cellulose carbon isotope compositions among 

surface Sphagnum samples. Error bar is standard deviation (1σ) of replicate 

measurements in compound-specific isotopic analysis. Scatter colors represent different 

sites. Regression lines are shown with r and p values of correlation as well as regression 

equations (black line for all samples and blue line for samples from site VC).  
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Figure B5. Correlation between n-C23 and leaf water hydrogen isotope compositions 

among surface Sphagnum samples. Error bar is standard deviation (1σ) of replicate 

measurements in compound-specific isotopic analysis. Scatter colors represent different 

sites.  
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Figure B6 (previous page). Correlations between (a) WC and MAP; (b) cellulose δ13C 

and MAP; (c) cellulose δ18O and MAP; (d) WC and MAT; (e) cellulose δ13C and MAT; 

(f) cellulose δ18O and MAT. In (b) and (e), significant correlations were found as shown 

in regression lines, but the correlation shown in (e) disappeared if three S. cuspidatum 

data were removed. Scatter colors represent different sites. MAT and MAP data are from 

Lenaerts et al. (2014). 
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Figure B7. (a) Apparent enrichment factors shown in box and whiskers plots between 

cellulose δ18O and different potential source water δ18O. (b) Apparent fractionation 

factors shown in box and whiskers plots between n-C23 δ
2H and different potential source 

water δ2H. Scatter colors represent different sites. The “Dec Precip” means using isotope 

data of Punta Arenas GNIP monthly precipitation recorded in December 2015, right 

before our sample collection in January 2016. Similarly, “Nov–Dec Precip” and “Oct–
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Dec Precip” mean the isotopic composition of amount-weighted precipitation for two and 

three months prior to our sample collection. The median enrichment/fractionation factors 

for each source water are given at the bottom. The reference line of +27‰ in (a) is the 

widely tested and accepted value of biochemical enrichment factor for cellulose δ18O 

(Sternberg, 2009). The reference line of −184‰ in (b) is the Sphagnum n-C23 δ
2H 

apparent fractionation factor given by Nichols et al. (2014a). The way to derive the “ε” is 

different for cellulose δ18O and for n-C23 δ
2H: the ε for δ18O equal to δ18Ocellulose – 

δ18Osource water; the ε for δ2H equal to 1000 × [(δ2Hlipids + 1000)/(δ2Hsource water + 1000) − 1], 

consistent with the tradition in these two fields. 
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Table B1. Overview of surface Sphagnum samples with their field data and isotope data. 

 
1

 

S
it

e 

N
am

e 

L
at

it
u

d
e 

(°
) 

L
o
n

g
it

u
d

e 

(°
) 

E
le

v
at

io
n

 

(m
) 

W
at

er
 

C
o
n

te
n
t 

(%
) 

W
at

er
 

T
ab

le
 

D
ep

th
 

(c
m

) 

D
is

ta
n

ce
 

fr
o

m
 

h
u

m
m

o
ck

 
to

p
 (

cm
) 

C
el

lu
lo

se
 

δ
1
3
C

 (
‰

, 

V
P

D
B

) 

C
el

lu
lo

se
 

δ
1
8
O

 (
‰

, 

V
S

M
O

W
) 

n
-a

lk
an

e 

co
n

c.
 

(μ
g

/g
 

d
ry

 w
t.

) 

n
-C

2
3
 

δ
1
3
C

 (
‰

, 

V
P

D
B

) 

1
σ

 
n

-C
2
3
 

δ
2
H

 (
‰

, 

V
S

M
O

W
) 

1
σ

 
L

ea
f 

w
at

er
 

δ
1
8
O

 (
‰

, 

V
S

M
O

W
) 

L
ea

f 
w

at
er

 
δ

2
H

 (
‰

, 

V
S

M
O

W
) 

B
o
g

 w
at

er
 

δ
1
8
O

 (
‰

, 

V
S

M
O

W
) 

B
o
g

 w
at

er
 δ

2
H

 

(‰
, 

V
S

M
O

W
) 

V
C

 
-5

4
.2

0
6
9
 

-6
8

.7
8

9
5
 

2
2
9
 

8
3
2
 

 
0
 

-2
9

.7
 

1
9
.9

 
  

  
  

  
  

-6
.0

 
-5

5
.1

 
  

  

V
C

 
-5

4
.2

0
6
9
 

-6
8

.7
8

9
5
 

2
2
9
 

8
2
7
 

 
3

0
 

-2
9

.6
 

2
0
.3

 
1

3
8

.3
 

-4
0

.2
 

n
.a

. 
-2

1
4

.1
 

1
.9

 
-4

.7
 

-5
0

.7
 

 
 

V
C

 
-5

4
.2

0
6
9
 

-6
8

.7
8

9
5
 

2
2
9
 

8
8
3
 

6
5
 

6
0
 

-2
9

.9
 

2
1
.0

 
 

 
 

 
 

-5
.6

 
-5

5
.0

 
 

 
V

C
 

-5
4

.2
0

6
9
 

-6
8

.7
8

9
5
 

2
2
9
 

8
3
1
 

 
9

0
 

-3
0

.9
 

2
0
.3

 
1

2
6

.3
 

-4
1

.9
 

n
.a

. 
-2

1
9

.4
 

0
.7

 
-6

.7
 

-6
0

.6
 

 
 

V
C

 
-5

4
.2

0
6
9
 

-6
8

.7
8

9
5
 

2
2
9
 

8
0
8
 

 
1

2
0
 

-2
9

.9
 

2
1
.2

 
1

0
6

.6
 

-4
0

.8
 

n
.a

. 
-2

1
1

.8
 

0
.9

 
-7

.2
 

-6
3

.9
 

 
 

V
C

 
-5

4
.2

0
6
9
 

-6
8

.7
8

9
5
 

2
2
9
 

8
2
3
 

 
1

5
0
 

-2
9

.6
 

2
1
.3

 
 

 
 

 
 

-5
.7

 
-5

7
.0

 
 

 
V

C
 

-5
4

.2
0

6
9
 

-6
8

.7
8

9
5
 

2
2
9
 

8
8
2
 

5
0
 

1
8
0
 

-2
9

.5
 

2
0
.6

 
1

0
7

.5
 

-4
0

.8
 

n
.a

. 
-2

1
6

.6
 

0
.8

 
-8

.4
 

-7
0

.7
 

 
 

V
C

 
-5

4
.2

0
6
9
 

-6
8

.7
8

9
5
 

2
2
9
 

9
1
3
 

4
9
 

2
1
0
 

-2
9

.4
 

2
0
.5

 
 

 
 

 
 

-6
.5

 
-5

9
.8

 
 

 

V
C

 
-5

4
.2

0
6
9
 

-6
8

.7
8

9
5
 

2
2
9
 

1
0
5
2
 

4
5
 

2
4
0
 

-2
8

.2
 

2
1
.2

 
1

1
6

.7
 

-3
8

.6
 

n
.a

. 
-2

1
7

.9
 

0
.5

 
-5

.9
 

-5
4

.9
 

 
 

V
C

 
-5

4
.2

0
6
9
 

-6
8

.7
8

9
5
 

2
2
9
 

1
1
2
0
 

3
7
 

2
7
0
 

-2
8

.8
 

2
0
.1

 
 

 
 

 
 

-6
.4

 
-5

5
.4

 
-1

1
.1

 
-8

1
.1

 

V
C

 
-5

4
.2

0
6
9
 

-6
8

.7
8

9
5
 

2
2
9
 

9
9
1
 

3
2
 

3
0
0
 

-2
7

.8
 

1
9
.5

 
1

3
3

.0
 

-3
8

.0
 

n
.a

. 
-2

1
7

.6
 

1
.1

 
-5

.3
 

-5
0

.6
 

-1
1

.0
 

-8
1

.7
 

V
C

 
-5

4
.2

0
6
9
 

-6
8

.7
8

9
5
 

2
2
9
 

1
0
9
2
 

2
5
 

3
3
0
 

-2
7

.7
 

1
9
.9

 
 

 
 

 
 

-2
.7

 
-3

8
.4

 
 

 
V

C
 

-5
4

.2
0

6
9
 

-6
8

.7
8

9
5
 

2
2
9
 

1
2
9
6
 

2
0
 

3
6
0
 

-2
6

.4
 

1
9
.3

 
1

2
5

.9
 

-3
7

.9
 

n
.a

. 
-2

1
2

.2
 

3
.1

 
-0

.4
 

-2
8

.6
 

 
 

V
C

 
-5

4
.2

0
6
9
 

-6
8

.7
8

9
5
 

2
2
9
 

1
3
4
8
 

5
 

3
9
0
 

-2
6

.5
 

1
8
.6

 
 

 
 

 
 

-1
.2

 
-3

6
.8

 
 

 

V
C

 
-5

4
.2

0
6
9
 

-6
8

.7
8

9
5
 

2
2
9
 

1
9
2
8
 

0
 

4
0
5
 

-2
5

.2
 

1
8
.0

 
 

 
 

 
 

-2
.7

 
-5

1
.8

 
 

 
V

C
 

-5
4

.2
0

6
9
 

-6
8

.7
8

9
5
 

2
2
9
 

1
7
7
3
 

0
 

4
2
0
 

-2
4

.1
 

1
8
.4

 
 

 
 

 
 

-4
.5

 
-4

0
.1

 
 

 

V
C

 
-5

4
.2

0
6
9
 

-6
8

.7
8

9
5
 

2
2
9
 

1
6
1
2
 

0
 

4
5
0
 

-2
4

.8
 

1
9
.6

 
 

 
 

 
 

-1
.9

 
-2

7
.6

 
 

 

A
Z

 
-5

4
.4

9
6
3
 

-6
8

.8
8

3
6
 

1
1
0
 

5
8
8
 

 
 

-3
0

.8
 

1
8
.3

 
 

 
 

 
 

0
.0

 
-1

9
.1

 
 

 
A

Z
 

-5
4

.4
9

6
3
 

-6
8

.8
7

1
0
 

5
5
 

7
7
8
 

 
 

-3
0

.7
 

1
9
.4

 
6

1
.2

 
-4

1
.2

 
0

.1
 

-2
1
7

.9
 

0
.9

 
-5

.5
 

-5
1

.3
 

 
 

M
L

C
 

-5
4

.1
4

4
3
 

-6
8

.7
5

1
7
 

3
9
1
 

7
1
8
 

 
 

-2
8

.1
 

2
0
.2

 
 

 
 

 
 

-6
.4

 
-5

4
.5

 
 

 

M
L

C
 

-5
4

.1
4

4
3
 

-6
8

.7
5

1
7
 

3
9
1
 

4
4
4
 

 
 

-2
9

.1
 

2
0
.2

 
1

5
1

.9
 

-4
0

.0
 

n
.a

. 
-2

1
5

.2
 

1
.0

 
-8

.9
 

-6
9

.0
 

 
 

V
R

 
-5

2
.0

7
7
1
 

-7
1

.9
1

7
8
 

2
6
2
 

5
8
3
 

 
0
 

-2
8

.6
 

2
0
.5

 
 

 
 

 
 

-7
.1

 
-5

9
.6

 
 

 

V
R

 
-5

2
.0

7
7
1
 

-7
1

.9
1

7
8
 

2
6
2
 

6
8
7
 

 
5

0
 

-2
9

.8
 

2
0
.2

 
 

 
 

 
 

-8
.0

 
-6

7
.1

 
 

 

V
R

 
-5

2
.0

7
7
1
 

-7
1

.9
1

7
8
 

2
6
2
 

6
6
4
 

 
1

0
0
 

-3
0

.4
 

2
0
.0

 
8

3
.3

 
-4

2
.3

 
0

.1
 

-2
1
0

.1
 

2
.1

 
-8

.0
 

-6
8

.3
 

 
 

V
R

 
-5

2
.0

7
7
1
 

-7
1

.9
1

7
8
 

2
6
2
 

6
0
0
 

 
1

5
0
 

-3
0

.9
 

2
0
.4

 
 

 
 

 
 

-7
.8

 
-6

8
.8

 
 

 

V
R

 
-5

2
.0

7
7
1
 

-7
1

.9
1

7
8
 

2
6
2
 

4
4
4
 

 
2

0
0
 

-3
2

.1
 

2
0
.2

 
 

 
 

 
 

-7
.5

 
-6

7
.5

 
 

 
M

T
 

-5
3

.7
4

1
8
 

-7
1

.0
1

1
4
 

5
0
3
 

1
3
4
1
 

 
 

-2
7

.0
 

1
8
.6

 
 

 
 

 
 

-2
.0

 
-3

4
.6

 
 

 

M
T

 
-5

3
.7

4
3
1
 

-7
1

.0
0

6
2
 

4
4
6
 

1
4
1
7
 

 
 

-2
7

.9
 

1
8
.8

 
 

 
 

 
 

-5
.8

 
-5

2
.7

 
 

 

M
T

 
-5

3
.7

4
6
1
 

-7
0

.9
9

7
1
 

6
3
7
 

1
0
4
5
 

 
 

-3
0

.7
 

2
0
.7

 
7

5
.5

 
-4

1
.7

 
0

.1
 

-1
9
6

.4
 

2
.5

 
-4

.0
 

-4
3

.6
 

 
 

M
T

 
-5

3
.7

5
0
1
 

-7
0

.9
8

5
6
 

1
7
1
 

1
1
7
4
 

 
 

-2
9

.0
 

2
1
.4

 
 

 
 

 
 

-4
.6

 
-4

2
.1

 
 

 

M
T

 
-5

3
.7

4
9
8
 

-7
0

.9
7

7
6
 

8
2
 

1
1
0
0
 

 
 

-3
0

.9
 

2
1
.1

 
 

 
 

 
 

-6
.8

 
-5

0
.5

 
 

 

M
T

 
-5

3
.7

4
8
7
 

-7
0

.9
7

0
6
 

2
4
 

1
0
1
7
 

 
 

-3
0

.7
 

2
0
.7

 
 

 
 

 
 

-2
.5

 
-3

5
.0

 
 

 

C
C

 
-5

2
.1

0
3
2
 

-7
1

.8
7

3
9
 

5
3
3
 

8
0
1
 

 
 

-2
8

.4
 

2
0
.0

 
 

 
 

 
 

-8
.7

 
-7

2
.3

 
 

 

C
C

 
-5

2
.1

0
3
0
 

-7
1

.8
7

3
4
 

5
2
7
 

8
0
3
 

 
 

-2
8

.0
 

1
9
.3

 
 

 
 

 
 

-5
.5

 
-5

5
.9

 
 

 

C
C

 
-5

2
.1

0
2
7
 

-7
1

.8
7

2
9
 

5
2
5
 

8
3
7
 

 
 

-3
0

.2
 

2
0
.0

 
 

 
 

 
 

-3
.5

 
-4

2
.5

 
 

 
C

C
 

-5
2

.1
0

2
4
 

-7
1

.8
7

2
3
 

5
2
3
 

8
4
6
 

7
0
 

 
-2

9
.5

 
2

0
.1

 
 

 
 

 
 

-5
.6

 
-5

3
.2

 
-1

2
.2

 
-8

9
.2

 

C
C

 
-5

2
.1

0
2
0
 

-7
1

.8
7

1
8
 

5
1
8
 

8
8
4
 

 
 

-2
9

.3
 

1
9
.8

 
9

6
.3

 
-4

1
.2

 
0

.3
 

-2
1
7

.4
 

1
.1

 
-5

.5
 

-5
6

.0
 

 
 

C
C

 
-5

2
.1

0
1
7
 

-7
1

.8
3

1
3
 

5
1
4
 

1
0
4
0
 

 
 

-2
8

.2
 

1
9
.5

 
 

 
 

 
 

-7
.6

 
-6

7
.5

 
 

 
A

P
 

-5
4

.2
0

5
8
 

-6
8

.7
1

5
5
 

1
6
5
 

7
2
7
 

 
 

-3
0

.0
 

2
0
.8

 
 

 
 

 
 

 
 

 
 

A
P

 
-5

4
.2

0
6
0
 

-6
8

.7
1

5
9
 

1
6
5
 

9
8
1
 

 
 

-2
8

.4
 

2
1
.2

 
 

 
 

 
 

 
 

 
 

A
P

 
-5

4
.2

0
6
1
 

-6
8

.7
1

6
3
 

1
6
5
 

1
2
1
4
 

 
 

-2
8

.1
 

2
0
.8

 
 

 
 

 
 

 
 

 
 

A
P

 
-5

4
.2

0
6
2
 

-6
8

.7
1

6
7
 

1
6
5
 

1
2
4
2
 

 
 

-2
8

.4
 

2
1
.1

 
 

 
 

 
 

 
 

 
 

A
P

 
-5

4
.2

0
6
4
 

-6
8

.7
1

7
1
 

1
6
5
 

1
2
3
3
 

 
 

-2
8

.6
 

2
1
.5

 
 

 
 

 
 

 
 

 
 

A
P

 
-5

4
.2

0
6
5
 

-6
8

.7
1

7
5
 

1
6
5
 

1
0
5
2
 

 
 

-2
8

.1
 

2
1
.9

 
 

 
 

 
 

 
 

 
 

A
P

 
-5

4
.2

0
6
6
 

-6
8

.7
1

8
 

1
6
5
 

1
0
3
7
 

 
 

-2
8

.8
 

2
1
.2

 
 

 
 

 
 

 
 

 
 

A
P

 
-5

4
.2

0
6
6
 

-6
8

.7
1

8
4
 

1
6
5
 

1
6
7
7
 

 
 

-2
7

.3
 

2
0
.7

 
 

 
 

 
 

 
 

 
 

A
P

 
-5

4
.2

0
7
3
 

-6
8

.7
1

7
5
 

1
6
5
 

1
6
6
3
 

4
2
 

 
-2

7
.5

 
1

9
.9

 
1

0
5

.4
 

-3
8

.6
 

0
.2

 
-2

1
2

.4
 

2
.8

 
-7

.0
 

-5
9

.5
 

-1
0

.3
 

-7
7

.1
 



 

134 

Table B2. Overview of Sphagnum strand isotope data  

 

Site 

Name 

Strand 

section 

distance to 

capitula 

(cm) 

Cellulose 

δ13C (‰, 

VPDB) 

Cellulose 

δ18O (‰, 

VSMOW) 

n-alkane 

conc. 

(μg/g 

dry wt.) 

n-C23 

δ13C (‰, 

VPDB) 

1σ 

n-C23 δ2H 

(‰, 

VSMOW) 

1σ 

CC 

0−1 -29.5 20.5 89.1 -41.7 0.0 -215.8 1.5 

1−2 -29.5 19.3      

2−3 -29.3 19.3 77.5 -41.7 0.0 -216.7 1.2 

3−4 -29.2 19.2      

4−5 -29.1 18.8 58.0 -40.9 0.0 -216.7 2.5 

5−6 -28.8 19.9      

6−7 -29.4 20.4 80.5 -40.3 0.1 -214.6 1.2 

7−8 -28.8 19.9      

8−9 -29.4 20.6 60.4 -40.5 0.1 -216.7 1.6 

9−10 -29.1 20.0      

10−11 -28.7 19.7 50.7 -40.2 0.0 -214.7 1.6 

14−12 -28.9 20.0      

12−13 -29.0 19.9 65.6 -40.2 0.0 -212.3 3.4 

13−14 -28.7 20.3      

14−15 -29.3 20.3      

15−16 -28.9 20.7      

16−17 -28.6 21.0      

17−18 -29.0 20.8      

18−19 -28.3 20.8      

19−20 -28.3 19.9           

VC 

0−2 -29.7 21.4      

2−4 -28.6 21.1      

4−6 -29.6 20.8      

6−8 -29.5 21.1      

8−10 -29.0 20.5      

10−12 -28.8 20.4      

12−14 -28.9 21.2      

14−16 -29.7 n.a.      

16−18 -29.2 21.1           
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Table B3. Summary of correlation coefficients between cellulose δ13C/δ18O and 

hydrological variables (WC/WTD). 
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Table B4. Statistical test on the difference between cellulose δ13C/δ18O regression 

coefficient (slope). 

 VC 
Karukinka 

Park 
MT LP 

VC     

Karukinka 

Park 

0.0089 

(41) 

0.99 

   

MT 

1.1405 

(19) 

0.27 

1.0339 

(30) 

0.31 

  

LP 

1.5678 

(29) 

0.13 

1.6384 

(40) 

0.11 

0.6238 

(18) 

0.54 

 

The italic number is the t value. The number in parenthesis is 

the pooled degree of freedom. The bold number is the p value. 

None of the p values is less than 0.05, and thus every two-

group comparison indicates insignificant difference in 

regression coefficient (slope). 
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Abstract 

 

The oxygen isotope ratio (δ18O) of plant cellulose has been widely used to study 

ecohydrological processes of ecosystems as well as to reconstruct past climate conditions 

in terrestrial climate archives. These applications are grounded on a key assumption that 

the biochemical fractionation during cellulose synthesis is a constant around +27‰ and is 

not affected by other factors. Here we revisit the influence of temperature on biochemical 

fractionation factor during cellulose synthesis using a global compilation of Sphagnum 

cellulose δ18O data. Sphagnum mosses (peat mosses) often inhabit waterlogged peatlands 

and possess unique physiological strategy in that their cellulose δ18O of newly 

synthesized tissues closely reflect precipitation δ18O throughout their growing season. 

Within-site cellulose δ18O variability has a median standard deviation of 0.7–0.8‰, 

resulting from different degree of evaporative enrichment of 18O in metabolic leaf water. 

Whereas this evaporative enrichment is a small quantity due to the external capillary 

“water buffer” for Sphagnum mosses and could be mitigated using site-specific minimum 

cellulose δ18O data that most likely reflect the signal of unevaporated source water. Our 

analysis reveals that the apparent enrichment factor between cellulose and precipitation 

δ18O increases with decreasing air temperature. In particular, the apparent enrichment 

factor could be as high as +32‰ if growing temperature is below 5°C. This observational 

dataset extends the support for the temperature-dependent oxygen isotope fractionation in 

plant cellulose synthesis previously demonstrated in laboratory experiments, with 

important implications for paleoclimate and plant physiology studies that employ 

cellulose δ18O measurements. 
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3.1. Introduction 

The oxygen isotope ratio (δ18O) of plant cellulose (hereafter δ18Oc) possess a 

variety of climate information during tissue growth (Sternberg, 2009). It has been used as 

a proxy to reconstruct past climate conditions not only in tree rings (Libby et al., 1976), 

but also in lake sediments (Edwards & McAndrews, 1989) and peat deposits (Hong et al., 

2000). Earlier studies established empirical relationships between δ18Oc and climatic 

parameters, such as temperature, relative humidity, and precipitation amount for a 

specific region (Libby et al., 1976; Treydte et al., 2006; Managave et al., 2010). An 

improved understanding of physiological and biochemical processes enabled developing 

mechanistic models to quantitatively decipher the δ18Oc signal for paleoclimate 

reconstruction (Roden et al., 2000; Kahmen et al., 2011). It has been well recognized that 

the source water for vascular plants, in most cases precipitation, is taken up by roots for 

photosynthesis in leaves, while the leaf water is enriched in 18O relative to precipitation 

due to plant transpiration. The carbohydrate product (e.g., sucrose) that has been further 

enriched in 18O by biochemical fractionation is then translocated to the site of cellulose 

synthesis, such as stem, where additional biochemical exchange reaction occurs with 

stem water. As such, plant δ18Oc signal essentially reflects precipitation δ18O (hereafter 

δ18Op) with an offset governed by both physiological and biochemical processes (Richter 

et al., 2008; Sternberg, 2009).  

The current mechanistic models have made progress in depicting the 

physiological effects including how different climatic parameters affect the degree of 18O 

enrichment in leaf water and imprint the δ18Oc signal (Kahmen et al., 2011). However, 

less is known about the biochemical effects that are equally important in shaping the final 

δ18Oc signal. The combined physiological and biochemical effects could be described by 

the following equation (Barbour & Farquhar, 2000): 

δ18Oc = δ18Op + Δleaf (1 – pxpex) + εbio  1  (1) 
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where δ18Oc and δ18Op are the oxygen isotope composition of cellulose and precipitation, 

respectively; Δleaf is the degree of 18O enrichment in leaf water known as the 

physiological effect; px is the proportion of unenriched water at the site of cellulose 

synthesis; pex is the percentage of exchangeable oxygen in carbohydrate substrates 

destined for cellulose synthesis; and εbio is the biochemical enrichment (or fractionation) 

factor associated with the post-photosynthetic exchange of oxygen atoms between 

carbonyl group and medium water. The px is expected to be unity for stem cellulose 

(Cernusak et al., 2005; Kahmen et al., 2011; Sternberg & Ellsworth, 2011), but for leaf 

cellulose it is expected to be less than unity (Helliker & Ehleringer, 2002; Barbour, 2007; 

Kahmen et al., 2011; Song et al., 2014b) or even has been assumed as zero (Tuthorn et 

al., 2014). The pex and εbio have been successfully constrained using different approaches 

to be invariables at 0.42 and 27‰, but with a range of ±0.3 and ±3‰, respectively 

(DeNiro & Epstein, 1981; Sternberg & DeNiro, 1983; Sternberg et al., 1986; Yakir & 

DeNiro, 1990; Roden et al., 2000).  

These biochemical factors are a net result of complex biochemical processes in 

cellulose biosynthesis (Waterhouse et al., 2013) and seem to contain less climatic 

information, thus these are almost always treated as invariants in mechanistic models. For 

instance, Helliker and Richter (2008) incorporated mechanistic modeling into their global 

tree-ring δ18Oc data and inversely inferred that boreal tree-canopy temperature must be 

tremendously higher than ambient temperature to obtain large Δleaf and to match with 

observed δ18Oc data. They found that tree-canopy temperature converges to ~21°C 

throughout a large range of latitudes. This conclusion was reached based on a constant 

εbio in inverse modeling. Later, Sternberg and Ellsworth (2011) challenged this 

conclusion by showing that the εbio is also temperature-dependent that increases with 

decreasing temperature. They heterotrophically generated cellulose from starch substrate 

at different temperatures and found that εbio could be as large as 31‰ when temperature is 
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5°C. However, Zech et al. (2014) indicated that the temperature-dependence of εbio 

shown in their laboratory experiments is an artifact from the pex that seems also 

temperature-dependent. 

Here we use a global compilation of Sphagnum (peat mosses) δ18Oc data to test 

the hypothesis that the εbio is temperature-dependent. Sphagnum mosses are the keystone 

bryophyte species in peat-forming ecosystems and are adapted to cool, waterlogged, and 

nutrient-poor conditions. Almost half of the boreal peatland areas are covered and built 

by Sphagnum mosses (Rydin & Jeglum, 2013). There have been a number of studies 

exploring the potential of stable isotopes in Sphagnum as proxies for peat-based 

paleoclimate reconstruction (e.g., Ménot-Combes et al., 2002; Daley et al., 2010; Loader 

et al., 2016; Granath et al., 2018). In general, Sphagnum mosses have many unique 

physiological characteristics with which their tissue δ18Oc could closely track δ18Op with 

the only major offset from εbio. First, Sphagnum mosses are important peat-forming plants 

in rain-fed (ombrotrophic), nutrient-poor bogs where moisture is predominantly derived 

from precipitation. Second, Sphagnum mosses have no stomata and no root systems. 

They maintain a simple water use strategy without the ability to control 

evapotranspiration. The natural water loss on Sphagnum surface is balanced either by 

new precipitation input or by capillary movement of water from below (Rydin & Jeglum, 

2013; McCarter & Price, 2014). Therefore, Sphagnum mosses passively utilize water 

stored in surface unsaturated and oxic peat known as the acrotelm without ability to 

access water at depth as vascular plants do. Third, Sphagnum mosses have the 

extraordinary capacity to store water and, more importantly, protect the metabolic water 

from evaporation loss. They have specialized hyaline (water-filling) cells on their leaves 

and outer cortex of the stems, and in some species these hyaline cells completely enclose 

photosynthetic cells (Loisel et al., 2009). Most of the water is, however, external capillary 

water held in pore spaces between leaves (Murray et al., 1989; Rydin & Jeglum, 2013). 
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As a result of these multiple layers of water storage in Sphagnum mosses, the metabolic 

water in photosynthetic cells could be isolated and weakly impacted by evaporative 

enrichment of 18O. Fourth, Sphagnum mosses are opportunist photosynthesizers, growing 

and synthesizing new cellulose as long as conditions allow even in near-freezing 

temperature. This physiological trait allows us to explore the sensitivity of εbio to 

temperature in a temperature window that is too low to allow the growth of vascular 

plants (Clymo & Hayward, 1982). In summary, the newly compiled dataset and analysis 

presented in this study offer a simple but effective test of the relationship between εbio 

and temperature that circumvents the complex physiology of vascular plants.  

 

3.2. Data and methods 

3.2.1. Sphagnum oxygen isotope data 

 We compiled all available Sphagnum tissue δ18O measurements reported in 

literature, supplemented with some new data to fill regional gaps. The final dataset 

includes 786 individual δ18O measurements from 173 sites (Figure 3.1 and Data Set C1). 

Key site information and references are summarized in Table 3.1, while additional 

metadata are in Data Set C1. Most of these sites are bogs from boreal and sub-arctic 

regions, but a few bog sites are located in the tropical and subtropical regions and the 

Southern Hemisphere. A few fen sites were also included. The main Sphagnum species 

are the common bog species, S. magellanicum, S. fuscum, S. cuspidatum, and S. 

capillifolium. A few studies did not report the species (Sphagnum spp.). In some studies, 

the local microtopography information (such as hummock and hollow) or water table 

depth (WTD) where Sphagnum samples were collected are available. The Sphagnum 

tissue δ18O data range from 11.5‰ to 26.6‰ (scaled to VSMOW). The uncertainty of 

δ18O data is represented by either the long-term precision of measurements (1σ) in 

different laboratories or the standard deviation (1σ) of replicate measurements of the 
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same sample, which is less than 0.6‰ and 2.0‰, respectively. The exact materials of 

Sphagnum used for isotope analysis differ among studies and include “capitula” (the 

cluster of new branch leaves at the tip of moss), “capitula cellulose”, “newest 1-cm stem 

cellulose”, “leaf”, “leaf cellulose”, “stem cellulose”, “whole plant cellulose”, and “5-cm 

whole plant cellulose”.  

We applied an offset correction on raw δ18O data that were measured from non-

cellulose (“capitula” and “leaf”) or stems (“newest 1-cm stem cellulose” and “stem 

cellulose”). The δ18O offset between extracted cellulose and untreated bulk tissues of the 

same Sphagnum material is small, and we have determined it by a pilot experiment to be 

0.69±0.83‰ (error is the standard deviation, 1σ) (Figure 3.2a). Kaislahti Tillman et al. 

(2010) reported that this offset is a negative value (Figure 3.2a), likely due to the fact that 

they measured Sphagnum materials from peat rather than from growing plants while 

untreated bulk tissues in peat probably had been contaminated by other botanical 

components. The δ18O offset between leaf cellulose (or capitula, which is formed by 

branch leaves) and stem cellulose of the same Sphagnum material is also small and well 

constrained in multiple studies as 0.62±0.51‰ (Figure 3.2b). This tissue-specific offset 

might be due to different water pools at the site of leaf and stem cellulose biosynthesis 

(Moschen et al., 2009). The capitula medium water might be more enriched in 18O than 

the matrix water below capitula where stem cellulose is synthesized. The above offset 

correction re-scaled these raw δ18O data to their equivalent capitula or leaf δ18Oc values 

with the involved uncertainty being propagated in the following analysis. Correction is 

not required for δ18O data that were measured from “whole plant cellulose” or “5-cm 

whole plant cellulose” because our pilot experiment found that branch and leaf tissues 

represents 90.3±5.0% of dry mass of Sphagnum whole-plant and has a similar cellulose 

yield (45.6±4.7%) as stem tissue (48.8±8.0%). The details about our cellulose extraction 

methods can be found in Text C1. 
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3.2.2. Precipitation oxygen isotope data and climate data 

 We used the Online Isotopes in Precipitation Calculator (OIPC) (Bowen, 2020) to 

obtain monthly δ18Op for every Sphagnum sampling location in the dataset. In the OPIC, 

δ18Op at a given location is modeled based on latitude and altitude plus a residual term 

that is interpolated using existing δ18Op observations (Bowen et al., 2005). This model 

provides the best estimate for the site-specific δ18Op for our synthesis as there is no on-

site precipitation δ18O measurements prior to sample collection for almost all sites. The 

uncertainty of OIPC is depicted as the confidence interval for mean annual δ18Op 

prediction, which increases in regions where δ18Op observations are scarce (Bowen & 

Revenaugh, 2003), whereas the confidence interval for monthly δ18Op prediction is not 

available in the OPIC. In addition, the OIPC is for predicting long-term mean value for 

monthly and annual δ18Op at a given location but does not account for their inter-annual 

variability. This inter-annual variability is an important uncertainty source in determining 

εbio for Sphagnum as these samples were collected in different years and in some studies 

only their recent growth was harvested. To estimate this uncertainty, we used the 

archived outputs from three nudged isotope-enabled global circulation models (IsoGSM, 

LMDZ4, and GISS ModelE; accessible from 

https://data.giss.nasa.gov/swing2/swing2_mirror/) (Risi et al., 2012) to calculate the 

multi-model mean standard deviation of monthly δ18Op for each sample location. 

Therefore, we used the OIPC model that has been validated against observational δ18Op 

data to derive the site-specific δ18Op but used the isotope-enabled global circulation 

models nudged on reanalysis wind data to estimate the uncertainty associated with its 

inter-annual variability (at least 31 years). We acknowledge that the accuracy of monthly 

δ18Op generated on OIPC is unknown, but we used the prediction error for mean annual 

δ18Op as a reference for following discussion. 
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 We used the NASA MERRA-2 monthly 2-m air temperature (T2M in 

M2IMNXASM) (GMAO, 2015c) data to infer the relevant growing temperature for each 

Sphagnum sample that was collected in different years and months. The MERRA-2 is an 

atmospheric reanalysis product for satellite era (beginning in 1980) and has a resolution 

of 0.5° for latitude and 0.625° for longitude. The raw temperature data were corrected for 

altitude difference between each sampling site and the corresponding MERRA-2 grid 

assuming a lapse rate of 0.0065 °C/m. The MERRA-2 grid altitude is inferred from the 

constant model parameter surface geopotential height (PHIS in M2C0NXASM) (GMAO, 

2015b) as PHIS/g where g is the standard gravity at 9.8 m/s2. Similarly, we also used the 

MERRA-2 monthly precipitation amount (PRECTOTCORR in M2TMNXFLX) (GMAO, 

2015a) data that were combined with OPIC δ18Op data to calculate the metrics of amount-

weighted δ18Op that represent the isotopic composition of the source water for Sphagnum. 

However, the MERRA-2 products do not provide the uncertainty of reanalysis data other 

than the temporal variance of monthly means. 

 

3.2.3. Data analysis 

 We first calculated the range and standard deviation of site-specific δ18Oc data 

that were collected from different Sphagnum samples during one-time sampling 

campaign in order to evaluate if measured WTD or microtopographical locations would 

explain the within-site δ18Oc variability. Then we calculated the apparent enrichment 

factor (εapp) for each δ18Oc datum as δ18Oc minus its corresponding δ18Op, with the latter 

value depending on the type of materials and the sampling month. For δ18Oc data derived 

from the recent growth parts of Sphagnum (capitula or the newest 1-cm stem), we used 

the δ18Op value of the sampling month (δ18Op1), or the amount-weighted δ18Op of the 

sampling month and the previous month (δ18Op2), or the amount-weighted δ18Op of the 

sampling month and previous two months (δ18Op3). For δ18Oc data derived from the 
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whole plant parts of Sphagnum, we used the amount-weighted δ18Op of the most recent 

growing season defined as the months with MERRA-2 temperature higher than 0°C 

during the most recent 12-month period (δ18Opgs), or of the entire recent 12 months 

(δ18Op12). For all these δ18Op values, we also determined the arithmetic average 

temperature from the MERRA-2 dataset for their corresponding periods (T1, T2, T3, Tgs, 

and T12). Pairing the calculated εapp and temperature data, we explored their relationship 

between them using a null hypothesis that εapp is independent from temperature. To 

mitigate the influence from evaporative enrichment that has caused within-site variability 

in δ18Oc and εapp, we used the site-specific minimum δ18Oc (δ
18Ocmin) to calculate the site-

specific minimum εapp (εappmin) for each site as an approximation for εbio. The precision of 

εappmin was assessed using the Gaussian error propagation combining the analytical 

uncertainty in δ18Oc, the uncertainty related to offset correction from raw δ18O data, and 

the climatological uncertainty in amount-weighted δ18Op values. The accuracy of εappmin 

was assessed using the OPIC prediction error for mean annual δ18Op. 

 

3.3. Results and discussion 

3.3.1 Within-site variability in Sphagnum cellulose δ18O 

The median within-site range of δ18Oc data is 1.0‰, 1.5‰,1.8‰, 2.3‰ for sites 

with two, three, four, and at least five measurements, respectively (Figure 3.3a). Whereas 

the within-site standard deviation (1σ) of δ18Oc data is not influenced by the number of 

measurements per site and is consistently between 0.7‰ and 0.8‰ (Figure 3.3b).  

This within-site δ18Oc variability is the result of differential evaporative 

enrichment of 18O in metabolic leaf water for Sphagnum inhabiting different 

microtopographical locations in peatlands, as all these samples at the same site should 

receive the same precipitation input. This evaporation component—which could 

theoretically be expressed as Δleaf (1 – pxpex) as in Eq. (1)—has modified δ18Op before the 
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precipitation source water is incorporated into cellulose biosynthesis. For most of sites, 

the δ18Oc data were not derived from the same Sphagnum species, but recent studies 

suggested the species effect of leaf anatomy or physiology (biotic factor) does not 

directly cause the within-site δ18Oc variability (El Bilali & Patterson, 2012). Instead, 

different Sphagnum species favor different microhabitats (abiotic factor) such as drier 

hummocks or wetter hollows that indirectly control the degree of evaporative enrichment 

of 18O in metabolic leaf water and thus the δ18Oc signal. 

Our data analysis shows that most sites display positive correlations between 

δ18Oc and WTD, meaning that Sphagnum associated with a deeper water table and a drier 

habitat would register a higher degree of evaporative enrichment (Figure 3.3c). Samples 

collected at hummock and hollow locations within a site also show that hummock-

inhabiting Sphagnum have higher δ18Oc in most cases (Figure 3.3d), although the WTD 

and the size of these microtopographical features are unknown. The mechanism behind 

the connection between evaporative enrichment of 18O in leaf water and WTD is more 

complex than a simple corollary that dried habitats have caused a higher evaporation rate. 

In fact, the metabolic leaf water is technically difficult to collect as Sphagnum and other 

bryophytes store a large proportion of water in external capillary spaces (Dilks & Proctor, 

1979). Through measuring Sphagnum water content (WC) and “bulk” leaf water δ18O, 

our previous study proposed that wetter Sphagnum evaporate water stored in external 

capillary spaces that indirectly protect metabolic leaf water from evaporative water loss. 

In contrast, drier Sphagnum have a smaller proportion of external capillary water and as a 

consequence the metabolic leaf water is also subject to some degrees of evaporation. 

However, the negative correlations between δ18Oc and WTD also exist (Figure 

3.3c), although in at least a few cases these negative correlations are probably an artifact 

from a narrow range of WTD that does not represent a well-defined moisture gradient 

(Figure 3.3c). In addition, at a few sites hollow-inhabiting Sphagnum could have higher 
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δ18Oc (Figure 3.3d). The cause for these opposite observations might be the decoupling 

between Sphagnum WC and WTD. Hollow-inhabiting Sphagnum have a lower 

proportion of structural carbohydrates and a higher collective surface area (Turetsky et 

al., 2008). As a result, they are more often limited by desiccation and tend to have a 

lower WC despite a shallower WTD than hummock-inhabiting Sphagnum, in particular 

after a sustained period of no precipitation. Studies that reported these data did not 

measure the Sphagnum WC nor had any description of their microhabitats, thus it is 

impossible to test this specific hypothesis. 

In fact, unlike for vascular plants there is no appropriate physiological model to 

mechanistically derive Δleaf as in Eq. (1) for Sphagnum mosses that do not have stomata. 

Whereas the partitioning between internal and external leaf water in Sphagnum could 

explain why Sphagnum δ18Oc exhibit relatively limited variance compared to their 

measured “bulk” leaf water δ18O that is often highly enriched in 18O (Ménot-Combes et 

al., 2002; Price et al., 2009; Loader et al., 2016). This “water buffer” mechanism might 

be unique for Sphagnum mosses adapted to waterlogged peatlands, but not for other 

bryophytes. For example, the moss species (Polytrichum strictum and Chorisodontium 

aciphyllum) from aerobic moss peatbanks in the Antarctic Peninsula show very high and 

highly variable δ18Oc values (Royles et al., 2013a; Royles et al., 2016), which are only 

possible with an unbuffered metabolic leaf water with a significant enrichment in 18O. 

Due to the presence of external water buffer for Sphagnum mosses, we infer that 

the evaporative enrichment of 18O in metabolic leaf water, despite being difficult to be 

directly measured or modeled, is a fairly small quantity compared to εbio. It should 

approximate to zero for Sphagnum inhabiting very wet habitats, in which case the 

metabolic leaf water is close to being completely protected by external capillary water 

from evaporation. For individual sites at which Sphagnum δ18Oc data display a 

considerable variability, the site-specific δ18Ocmin value represents the case that the 
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metabolic leaf water is least modified by evaporative enrichment. Therefore, the 

corresponding εapp serves as an alternative measure of εbio for each of those sites. 

 

3.3.2. Effect of temperature on biochemical enrichment factor 

Defining the time span of growth and precipitation input that are most relevant for 

collected Sphagnum samples presents a main challenge in refining the relationship 

between εapp and temperature. Both capitula and the newest 1-cm stem represent the most 

recent growth of Sphagnum right before sample collection and these tissues could register 

the recent input of δ18Op in cellulose. For example, Daley et al. (2010) collected 

Sphagnum capitula every two to three months and found that the δ18Oc signals showed 

variations of more than 4‰ that were in general tracking the variations of δ18Op over 

seasonal scale at two of three sites in northwestern European, but at another site the 

variations were less than 2.5‰, despite similar δ18Op seasonality at these locations 

according to the OPIC model. These observations imply that Sphagnum capitula 

regenerate and refresh their δ18Oc signal at bimonthly and quarterly timescales, but the 

rates of δ18Oc “turnover” for capitula appear to be variable. 

This isotopic turnover rate may depend on biotic factors such as Sphagnum 

productivity, which has been routinely determined by measuring Sphagnum stem height 

growth (Clymo, 1970). Field measurements indicate that stem height growth is enhanced 

with higher photosynthetic active radiation and longer growing season length (Loisel et 

al., 2012) but is also influenced by local ecohydrological factors (Gunnarsson, 2005; 

Loisel & Yu, 2013b). Whereas capitula turnover rate might be proportional to the stem 

increment rate as the capitula density is lower when stem growth is faster (Breeuwer et 

al., 2008; Loisel et al., 2012). Aldous (2002) used the ratio of number of branches per 

capitulum to number of branches per 1-cm of stem to normalize the turnover of capitula 

to stem increment. This method showed that capitula could replace themselves 
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completely with every 1.65-cm stem increment for a case study of S. capillifolium from 

peat bogs in the northeastern US (Aldous, 2002). Nevertheless, the exact time spans of 

capitula replacement and the newest 1-cm stem in the dataset are unknown. 

Other than the physical replacement, capitula δ18Oc turnover rate may also depend 

on abiotic factors such as the residence time of metabolic leaf water δ18O, which in 

principle should be governed by both the size of acrotelm water reservoir and the rate of 

precipitation and evaporation. The role of residence time has been proposed to explain 

the smaller range of along-stem δ18Oc variation compared to δ18Op variation in a case 

study of S. magellanicum collected from a southern Patagonian peat bog. The turnover of 

δ18Oc does not only influence how many months of precipitation input are relevant for 

Sphagnum cellulose biosynthesis but also the growing temperature, which are two 

important but potentially site-specific metrics for the following analysis on the 

temperature-dependence of εapp. 

Hereafter, for δ18Oc data measured from the recent growth parts of Sphagnum, we 

used the δ18Op2 as the most relevant precipitation input to derive εapp that were paired 

with the T1 as the most relevant growing temperature. This choice assumed that the 

sampling month temperature was the most relevant for capitula growth and the newest 

increment of stem, but metabolic leaf water did not only derive from the precipitation of 

sampling month, but also partly inherited the precipitation input in the previous month. 

We found that the εapp increases with decreasing temperature in particular when T1 is 

below 10°C (Figure 3.4b). Additional analysis indicates that the general trend towards 

higher εapp with decreasing temperature is not affected by pairing different time spans of 

precipitation input (e.g., δ18Op1, δ
18Op2, and δ18Op3) and relevant growing temperature 

(e.g., T1 and T2) (Figures 3.4a, 3.4c, and 3.4d). 

 Unlike the recent growth parts of Sphagnum, the whole plant parts of Sphagnum 

likely integrate the growth for the time span of the entire growing season, which is best 
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defined as those months above 0°C. This threshold value has been used to define 

bioclimatic variables such as the photosynthetically active radiation during the growing 

season, assuming that periods with freezing temperature is unrelated to biomass 

production (Loisel et al., 2012; Charman et al., 2013). Sphagnum growth during the 

months of freezing temperature does occur as if snow cover is thick and persistent 

enough to insulate Sphagnum from long duration of winter frost (Dorrepaal et al., 2004; 

Genet et al., 2013), while shading from snow cover seems not a major limiting factor for 

Sphagnum growth (Clymo & Hayward, 1982; Küttim et al., 2020). Even so, Sphagnum 

growth during freezing months is unrelated to how low the temperature is, as unfrosted 

moss surface temperature maintains around 0°C under snow cover. 

A reasonable measure of relevant growing temperature for the whole plant parts 

of Sphagnum is Tgs, the arithmetic average temperature of the months above 0°C. The 

accumulative temperature—such that is defined as growing degree days above zero in 

bioclimatic studies (Charman et al., 2013)—might be a more accurate measure of the 

total warmth Sphagnum has received. Many studies have found that Sphagnum 

productivity is enhanced during the warmest season (Krebs et al., 2016; Küttim et al., 

2020), meaning that majority of biomass is produced in summer, although a few studies 

suggest that Sphagnum growth could be limited by summer desiccation stress and 

photoinhibition (Lindholm, 1990; Dorrepaal et al., 2004; Genet et al., 2013). Considering 

this, there is a possibility that Tgs would underestimate the mass-weighted growing 

temperature for the whole plant parts of Sphagnum. Although the freezing winter 

temperature is unrelated to Sphagnum growth, the accumulation of winter precipitation as 

snowpack could be an important component of source water for Sphagnum during the 

snow melt season. Indeed, direct sampling of peatland deep water reservoir show δ18O 

values close to amount-weighted mean annual δ18Op (Ménot-Combes et al., 2002). 

Therefore, for δ18Oc data measured from the whole plant parts of Sphagnum, we used the 
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δ18Op12 as the most relevant precipitation input to derive εapp that were paired with the Tgs 

as the most relevant growing temperature. The whole-plant data complement the recent-

growth data in the temperature range from 9°C to 14°C (Figure 3.4e), but the εapp does 

not show a clear trend with temperature. 

In both recent-growth and whole-plant data synthesis, data collected from fens 

seem to be outliers compared to bogs and their εapp could be either higher or lower than 

the rest of dataset. The fen outliers in recent-growth synthesis (Figure 3.4b) are samples 

collected from swales in the Lake Superior region where local swale water has lower 

δ18O values than the recent precipitation (Zanazzi & Mora, 2005), leading to lower εapp if 

scaled to δ18Op2. The fen outliers in whole-plant synthesis (Figure 3.4e) are samples from 

southern Alaska (Jones et al., 2019). We speculate that Sphagnum inhabiting these 

groundwater-fed fens is not under desiccation stress, has a poorly developed capillary 

network, and is subjective to strong evaporative enrichment of 18O in metabolic leaf 

water. 

 Merging both recent-growth and whole-plant data from bogs and plotting site-

specific εappmin (for sites with at least three data points) versus relevant growing 

temperature, we found that the results corroborate the temperature-dependence of εbio as 

found in wheat seedling experiments in which cellulose was heterotrophically generated 

under controlled conditions from 5°C to 30°C (Sternberg & Ellsworth, 2011) (Figure 

3.5). The relationship between εbio and growing temperature in wheat seedling 

experiments was established by assuming a known value of substrate δ18O and a constant 

of pex, while the second order polynomial regression based on their experimental data is 

almost identical to that based on a compilation of aquatic plant δ18Oc data (Sternberg & 

Ellsworth, 2011). Our compilation of Sphagnum δ18Oc data has extended the lowest end 

of temperature in their results from 5°C to 0°C. The extrapolated second order 

polynomial regressions from Sternberg and Ellsworth (2011) fit with the εappmin derived 
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from the Sphagnum dataset and support that the εbio increases steeply with decreasing 

temperature when temperature is below 10°C and could be as high as +32‰ if 

temperature is below 5°C. Nevertheless, the sensitivity of εbio to decreasing temperature 

from the compilation seems weak when temperature is between 10°C and 15°C. 

Although the εappmin data points are considerably scattering around the overall 

trend line, quantification of their involved uncertainties suggests that the deviations are 

overall within an acceptable range. The main uncertainty for εappmin is the limited 

precision of OPIC-modeled δ18Op, which is related to the strength of inter-annual 

variability in precipitation dynamics and unfortunately could be only estimated from 

nudged isotope-enabled global circulation models. Notably, the accuracy of εappmin except 

few cases is robust compared to their precision as shown by comparing the two types of 

error bars (Figure 3.5).  

 

3.4. Conclusions and implications for paleoclimate and plant physiology studies 

 Despite the recent progress in quantifying the physiological effects on δ18Oc in 

plants, we known much less about the biochemical effects, which are almost always 

treated as invariants in mechanistic modeling. Recent experimental studies claimed that 

the εbio is temperature-dependent (Sternberg & Ellsworth, 2011), whereas contrasting 

interpretations indicate that the pex, rather than εbio, is temperature-dependent (Zech et al., 

2014). To overcome the limitation of experimental approach, in this study we focused on 

Sphagnum mosses as a model plant and used an observational Sphagnum oxygen isotope 

dataset as a “natural experiment” to provide insights into the relationship between εbio and 

growing temperature. We summarize the following conclusion and implications of our 

study. 

(1) Our data synthesis shows that evaporative enrichment of 18O in metabolic leaf 

water has resulted in a within-site variability in Sphagnum δ18Oc with a median 
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standard deviation of 0.7–0.8‰. Sphagnum mosses have no stomata and are 

unable to control water loss, thus the degree of evaporative enrichment depends 

on the size of external capillary “water buffer” determined partly by WTD or 

microtopographical feature. A consequence of this “water buffer” is that the 

degree of evaporative enrichment for Sphagnum metabolic leaf water is a very 

small quantity compared to vascular plants and other bryophytes. Therefore, the 

site-specific εappmin derived from δ18Ocmin could be used as an approximation for 

εbio. 

(2) We show that the εappmin increases with a decreasing temperature, with a steeper 

rate of increase when temperature is below 10°C, and reaches +32‰ if 

temperature is below 5°C. The general trend is remarkably similar to the 

relationship derived from wheat seedling experiments and aquatic plant δ18Oc data 

(Sternberg & Ellsworth, 2011). A previous study concluding that the εbio is 

insensitive to temperature (Roden & Ehleringer, 2000) could be due to that the 

growing temperature for their plants is higher than 20°C, at which the sensitivity 

of εbio to temperature is weak. Our results imply that the temperature-dependence 

of εbio shown in heterotrophic generation of cellulose is not an artefact from 

variable pex (Zech et al., 2014), as we use δ18Ocmin data by which the term Δleaf is 

minimized and any temperature-dependent variation in pex is too small to 

introduce δ18Oc variation. The Δleaf is usually a large quantity for vascular plants 

with stomata and increases substantially with decreasing relative humidity 

(Tuthorn et al., 2014). Due to the large contrast between evaporated leaf water 

δ18O and unevaporated stem water δ18O in vascular plants, the pex that could vary 

with plant types and in response to different growing conditions could play an 

important role in shaping the tree-ring δ18Oc (Barbour & Farquhar, 2000; 

Ellsworth & Sternberg, 2014; Song et al., 2014a), but this is not the case for 
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Sphagnum mosses. In addition, any variation in pex could be further dampened by 

the factor of px, which is less than unity for leaf tissue. 

(3) Plant δ18Oc is a valuable paleoclimate proxy in a range of terrestrial climate 

archives, but studies employing plant δ18Oc data should incorporate the influence 

of temperature on εbio into the process-based proxy system model framework for 

interpreting proxy data (Dee et al., 2015; Keel et al., 2016; Okazaki & Yoshimura, 

2019). The temperature effect might be small for Holocene-scale paleoclimate 

reconstruction as data and model showed that temperature variability is in general 

less than 1°C (Liu et al., 2014). However, this effect would be important for high-

latitude and alpine regions as the εbio exhibits the strongest sensitivity at low 

temperature and long-term temperature changes at these locations could be 

amplified due to various feedback mechanisms (Ballantyne et al., 2010; Feng et 

al., 2019). Furthermore, this temperature effect could be important in cold season, 

potentially resulting in different biochemical enrichments in intra-annual tree-ring 

δ18Oc that is relevant for deciphering climate seasonality from tree-ring data 

(Schubert & Jahren, 2015; Zeng et al., 2016). 

(4) Plant δ18Oc data have also been used to understand the ecohydrological processes 

of plants such as tracing the water source for plants (Sargeant & Singer, 2016) or 

inversely modeling their growing temperature (Helliker & Richter, 2008; Song et 

al., 2011). Assuming a constant value of εbio, Helliker and Richter (2008) showed 

that boreal tree-canopy temperature must be substantially higher than ambient 

temperature. Additional analysis by Helliker et al. (2018) found that their 

previously inferred high tree-canopy temperature for boreal biome is essentially 

the result of a similarly warm day-time air temperature during growing season but 

tree-canopy itself could not tremendously rise temperature. In fact, the 

temperature-dependence of εbio is more important for subalpine and alpine regions 



 

157 

where plants have a cool growing-season temperature (below 10°C) and thus a 

considerably elevated εbio. Indeed, existing tree-ring data from the European Alps 

in Switzerland (Keel et al., 2016) and the Rocky Mountains in the western US 

(Helliker et al., 2018) have shown that incorporating a temperature-dependent εbio 

into mechanistic modeling would produce a better fit for observed δ18Oc. In 

addition, a tree-ring δ18Oc record from the trans-Himalayan region (Chhumuja; 

4400 meter above sea level) where growing season temperature is lower than 

10°C was found to be best fitted with a relative humidity of 64%, which is 

however lower than nearby station observations (between 70–100% during 

monsoon season) (Brunello et al., 2019) but could be alternatively explained by a 

higher εbio at low temperature. 
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Figure 3.1 (previous page). Global map of peatland regions (green areas; Yu et al., 2010) 

and sites with Sphagnum δ18Oc data presented in this study. Sites are color-coded to 

represent different regions: Alaska (blue), Canada and Contiguous US (orange), Europe 

(green), New Zealand (yellow), Patagonia (pink), Temperate East Asia (purple), Tropics 

and Subtropics (brown), and West Siberia (red). 
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Figure 3.2. Oxygen isotope offset between different Sphagnum materials. (a) Biplot 

showing the relationship between δ18Oc and untreated bulk tissue δ18O. Data reported 

from Kaislahti Tillman et al. (2010) were derived from subfossil Sphagnum branches or 

stems in peat and are plotted below the 1:1 line, indicating that δ18Oc are lower than 

untreated bulk tissue δ18O in peat. Data from this study were derived from fresh capitula 

material and are plotted above the 1:1 line, indicating that δ18Oc are higher than untreated 

fresh capitula δ18O. (b) Biplot showing the relationship between branch/capitula δ18Oc 

and corresponding stem δ18Oc. Data reported from Moschen et al. (2009), Kaislahti 

Tillman et al. (2010), and Finsinger et al. (2013), were derived from subfossil Sphagnum 

branches or stems in peat, while data from Jones et al. (2019) and this study were derived 

from fresh plants. The results tend to show that branch or capitula δ18Oc are higher than 

stem δ18Oc and the offset (branch/capitula δ18Oc minus stem δ18Oc) resembles a Gaussian 

distribution as shown in the inset histogram. 
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Figure 3.3. Within-site variability of Sphagnum δ18Oc data. (a) Range of within-site δ18Oc 

data. (b) Standard deviation of within-site δ18Oc data for each site. In both (a) and (b), 

results are separated for the number of measurements per site. Individual site data are 

separated for bogs and fens and for recent growth and whole plant parts. Also shown are 

median and lower/upper quartile values of the range and the standard deviation as cross 

symbols. The numbers of sites are indicated on top of plot in (a). (c) Histogram of site-

specific correlation coefficient between within-site δ18Oc and WTD data from studies by 

Loader et al. (2016), Granath et al. (2018), and Jones et al. (2019) in which WTD 
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measurements are available. The significant correlations with p-value lower than 0.1 are 

shown as dark gray color. Positive correlation indicates that high δ18Oc correspond with 

deep WTD. (d) Within-site δ18Oc data from studies by Taylor (2008) and Brader (2013), 

plus a site from this study, in which samples were collected at microtopographical 

locations of hummock and hollow. Data from different sites are separated by horizontal 

lines. The “ns” and “s” denote “not significant” and “significant (if p-value is lower than 

0.1)” difference between hummock and hollow δ18Oc data determined by Student’s t-test 

if there are at least two data points for either hummock or hollow. 
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Figure 3.4. The biplots between εapp and temperature for all Sphagnum δ18Oc data. For the 

recent-growth parts of Sphagnum, data are plotted using the pair of (a) δ18Op1 and T1, (b) 

δ18Op2 and T1, (c) δ18Op2 and T2, and (d) δ18Op3 and T2. For the whole plant parts of 

Sphagnum, data are plotted using the pair of δ18O12 and Tgs. Data are color-coded to 

represent different regions as shown in Figure 3.1 and are separated for bogs and fens. 

Also shown are the second order polynomial regressions fitted by data from heterotrophic 

generation of cellulose and data from submerged aquatic plants by Sternberg and 

Ellsworth (2011) and their extrapolations. 
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Figure 3.5. The biplot between εappmin and the most relevant growing temperature for sites 

with at least three collected samples and measurements. Data are color-coded to represent 

different regions as shown in Figure 3.1. The 95% prediction interval of OPIC-based 

mean annual δ18Op at each sampling location is shown as error bar with arrow caps. The 

precision (2σ) of εappmin is denoted as error bar without caps. Also shown are the second 

order polynomial regressions given by Sternberg and Ellsworth (2011) and their 

extrapolations. Note that the full range of temperature in laboratory experiments by 

Sternberg and Ellsworth (2011) is shown to illustrate that the sensitivity of εapp to 

temperature is very weak if the temperature is high. 
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Table 3.1. Summary information about the compiled Sphagnum δ18O data. 

References Regiona Habitatb 
Analyzed 

materialc 

Number 

of sites 

Number 

of data 

Sampling 

year and 

monthd 

This study 

AK, CCUS, 

TST, TEA, and 

PAT 

B and F 
RG and 

WP 
15 72 A 

Aravena and Warner 

(1992) 
CCUS B WP 3 13 A 

Aucour et al. (1996) TST B WP 1 1 A 

Amesbury et al. (2015) NZ B RG 4 5 A 

Brader (2013) EU B WP 16 31 NA 

Brenninkmeijer et al. 

(1982) 
EU B WP 1 4 NA 

Daley (2007) and Daley 

et al. (2010) 
CCUS and EU B RG 4 78 A 

Granath et al. (2018) 
AK, CCUS, EU, 

TEA, and WS 
B RG 92 335 A 

Hong et al. (2009) TEA F WP 1 3 NA 

Jones et al. (2019) AK F WP 2 31 A 

Lin et al. (2001) TEA F WP 2 5 NA 

Loader et al. (2016) PAT B RG 1 16 A 

Liu (2017) TST F WP 1 11 A 

Ménot-Combes et al. 

(2002) 
WEU B WP 13 38 A 

Taylor (2008) AK and CCUS B WP 17 83 A 

Chapter 2 PAT B RG 7 47 A 

Zanazzi and Mora 

(2005) and Mora and 

Zanazzi (2017) 

CCUS F RG 3 12 A 

aRegion includes Alaska (AK), Patagonia (PAT), Europe (EU), New Zealand (NZ), Temperate East 

Asia (TEA), Tropics and Subtropics (TST), Canada and Contiguous US (CCUS), and West Siberia 

(WS). 
bHabitat includes bogs (B) and fens (F). 
cAnalyzed material includes recent growth (RG) and whole plant (WP) parts of Sphagnum. 
dSampling time is available (A) or not available (NA). 
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Appendix C: Supporting information for Chapter 3 

 

Data Set C1 

The compiled dataset and metadata are archived on: 

https://github.com/zhx215/global-peat-moss-d18O 

 

Text C1 

1. Cellulose extraction method 

The method of cellulose extraction followed the alkaline bleaching method 

(Kaislahti Tillman et al., 2010). In our previous study, we extracted cellulose from 

Sphagnum stems. In this study, we mainly extracted cellulose from Sphagnum capitula. 

For each individual sample, capitula from at least five Sphagnum shoots were harvested 

and homogenized using an ultrasonic probe. The homogenized capitula materials were 

then transferred to disposable polypropylene columns (Poly-Prep). Samples were 

subjected to 5 rounds of 1.4% (w/v) sodium chlorite bleaching acidified with glacial 

acetic acid in a hot water bath at 80°C, each round for 50 min. Then, they were reacted 

with 10% (w/v) sodium hydroxide at 75°C for 45 min and another 2 rounds of acidified 

sodium chlorite bleaching. The yielded α-cellulose was rinsed with distilled deionized 

water and transferred to small vials. Afterwards, samples were homogenized using an 

ultrasonic probe and freeze-dried. 

 

2. Isotope analysis 

For oxygen isotope analysis, ~0.4 mg cellulose materials were enclosed in silver 

capsules. Oxygen isotope compositions were determined on an Elementar PyroCube 

interfaced to an Isoprime VisION isotope-ratio mass spectrometer (IRMS), at the Stable 

Isotope Facility (SIF) of University of California, Davis. By convention, results of 
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isotope ratio measurements were reported as δ notation (in per mille) referenced to 

VSMOW (Vienna Standard Mean Ocean Water). During analysis, samples were 

interspersed with replicates of established calibration standards and several check 

standards with known isotopic compositions. The check standards were used to monitor 

the analytical drift and size effect and corrections were applied when necessary to ensure 

analytical accuracy for sample measurements. The precision (1σ) of measurements was 

about 0.3‰ for δ18O. 

 

References for Appendix C: 

 

Kaislahti Tillman, P., Holzkämper, S., Kuhry, P., Sannel, A. B. K., Loader, N. J., & 

Robertson, I. (2010). Stable carbon and oxygen isotopes in Sphagnum fuscum peat 

from subarctic Canada: Implications for palaeoclimate studies. Chemical Geology, 

270(1), 216–226.
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Abstract 

 

The Southern Hemisphere Westerly Winds (SHWW) exert important controls on 

regional and global climates. Instrumental and reanalysis records indicated strengthening 

and poleward contraction of the SHWW belt since the late twentieth century. Such 

changes also have implications for Southern Ocean upwelling and CO2 degassing. 

Therefore, a better understanding of the long-term SHWW behaviors and dynamics 

beyond recent decades is critical for projecting future changes. Here we apply isotope 

analysis of Sphagnum moss cellulose from a peat bog in southernmost Patagonia (~54° S) 

to reconstruct changes in oxygen isotope composition of precipitation (δ18Op) that could 

elucidate past shifts in moisture sources and trajectories. We interpret that positive shifts 

in δ18Op indicate weaker SHWW and importantly more frequent easterly flows that 

enhance moisture supply sourced from the Atlantic Ocean. In contrast, negative shifts in 

δ18Op indicate stronger SHWW and intensification of the Andean rain shadow. Our data, 

along with other evidence from southernmost Patagonia and the Antarctic Peninsula, 

suggest a coherent pattern of centennial-scale variability in SHWW strength on either 

side of the Drake Passage over the past two millennia, probably as a teleconnection 

response to El Niño–Southern Oscillation-like variability. Our study implies that 

investigating past changes in the SHWW and their teleconnection mechanisms should 

consider synoptic-scale atmospheric circulation patterns, rather than seeing SHWW as a 

simplistic west-to-east (zonal) wind flow pattern, particularly on the timescales when the 

SHWW express zonal asymmetry among different sectors of the Southern Ocean. 
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4.1. Introduction 

The lack of extensive landmass in Southern Hemisphere (SH) mid-latitudes 

allows for development of the strong Southern Hemisphere Westerly Winds (SHWW) 

that are important components of the global ocean-atmosphere coupled system. Their 

strength and latitudinal position are largely controlled by the Southern Annular Mode 

(SAM)—a dominant pattern of SH extratropical climate variability—defined as the 

gradient of zonal mean sea level pressure (SLP) between 40° S and 65° S (Marshall, 

2003). The observed late-twentieth-century positive shift in the SAM as well as the 

strengthening and poleward contraction of the SHWW have influenced temperature and 

precipitation distribution in the SH extratropics (Gillett et al., 2006; Villalba et al., 2014). 

This recent shift has been attributed to ozone depletion and rising greenhouse gas 

concentrations, both of which are anthropogenic in origin (Abram et al., 2014). However, 

long-term natural variability and dynamics of the SHWW are still poorly understood. 

Several studies have suggested that pronounced and zonally symmetric changes in 

SHWW strength and/or position over millennial timescales regulated atmospheric CO2 

concentration, including its rise during the last deglaciation (Fletcher & Moreno, 2012; 

Mayr et al., 2013). However, there is a lack of agreement as to variability and dynamics 

of the SHWW during the Holocene (Lamy et al., 2010; Moreno et al., 2010), particularly 

since the mid-Holocene when modern ENSO regime was established (Fletcher & 

Moreno, 2012; Mariani et al., 2017). This uncertainty impedes our understanding of the 

drivers of SHWW variability and their teleconnection mechanisms. Hence, it is essential 

to develop continuous paleoclimate records in SHWW-influenced region with robust 

chronology and reliable proxy interpretations. This study focuses on centennial-scale 

SHWW variability in southernmost Patagonia over the past two millennia by developing 

a new high-resolution, radiocarbon-dated peat record. 
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4.2. Westerly vs. easterly winds in Patagonia 

Southern Patagonia is the only continental landmass within the SHWW core belt 

(~50°–55° S). The Patagonian Andes lies perpendicular to the prevailing westerly winds 

and constitutes an orographic divide with a dramatic decrease in precipitation from the 

Pacific to the Atlantic coast (Figure 4.1B). This mountain chain creates tight coupling 

between wind speed and hydrology, with stronger westerly wind inducing more 

precipitation on the windward side, but less precipitation (rain shadow) and more 

evaporative condition on the leeward side (Garreaud et al., 2013). Recent studies have 

suggested that the easterly wind flows, despite being less frequent in this region, tend to 

cause intense rainfall events fed by moisture from the Atlantic Ocean, which is an 

additional source of precipitation for eastern side of Patagonia (Schneider et al., 2003; 

Mayr et al., 2007a; Agosta et al., 2015; Quade & Kaplan, 2017). Backward trajectory 

analysis of present-day air parcels indeed shows two dominant air parcel transport 

pathways: one from the westerly winds, and the other with a (north)easterly origin 

(Figure 4.1A). If the easterly wind frequency and the proportion of Atlantic-sourced 

moisture were greater when the SHWW were blocked/weaker, the westerly-caused rain 

shadow effect operating today would be reduced, thus it would be wetter on the eastern 

side of Andean climate divide (Mayr et al., 2007a). 

The contribution of easterly wind moisture in the past can be traced using water 

isotopes. The easterly wind flows experience less upstream orographic and rainout effects 

than the westerly wind flows (Stern & Blisniuk, 2002; Daley et al., 2012). This results in 

their much higher values of oxygen isotope ratio in precipitation (δ18Op) as indicated by 

an event-based rainfall isotope study at ~52° S of Argentinian Patagonia (RG and study 

site “d” in Figure 4.1B) that showed a ~7‰ difference between westerly and easterly 

signatures (Mayr et al., 2007b). 
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Here we used paired measurements of oxygen and carbon isotopes from 

Sphagnum (peat moss) cellulose along a peat core in southernmost Patagonia as proxies 

to trace the atmospheric circulation and hydroclimate changes, respectively. This 

peatland site is closer to the Atlantic coast, thus more sensitive to easterly flows that 

bring in Atlantic moisture, than other sites near the Andes (Figure 4.1B). The 

physiological simplicity of Sphagnum mosses, which exclusively use meteoric water for 

photosynthesis, makes the oxygen isotope composition of their cellulose (δ18Ocell) 

document growing-season (mainly during summer) δ18Op by a biochemical enrichment 

factor of ca. +27‰ (Daley et al., 2010). 

 

4.3. Material and methods 

Sphagnum-dominated peat bogs in southernmost Patagonia are mostly found on 

the leeward side of the Andes within the cool-temperate deciduous and evergreen forest 

ecoregion. These ecosystems are characterized by simple plant communities, with 

Sphagnum magellanicum covering the entire ground layers (Loisel & Yu, 2013a). Our 

study site, Ariel Peatland (AP, ~54.2° S; Figure 4.1B), is located in the Isla Grande of 

Tierra del Fuego. The region has a mean annual precipitation of ~480 mm that is 

uniformly distributed through all seasons. The bog surface today is flat without apparent 

hummock-hollow patterning, and the center is dominated by pure carpets of S. 

magellanicum, with S. cuspidatum and Drepanocladus spp. (brown moss) occasionally 

occupying small inundated hollows (Figure D1). Other bog plants are mainly herbaceous 

(sedges, rushes, and grasses) or ligneous shrubs, and are mostly found along the edge of 

the bog. A 205-cm peat core (PAT16-AP1) was retrieved at the center of the bog in 

January 2016. 

Sphagnum macrofossil remains were used for AMS 14C dating, and age-depth 

modeling was performed using Bacon program (Figure D2 and Table D1). Plant 
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macrofossils were analyzed at every centimeter to characterize changes in peat botanical 

composition over time (Loisel & Yu, 2013b). For the top 109-cm section (representing 

past two millennia), we picked well-preserved Sphagnum macrofossil stem fragments (at 

least 30 pieces from each sample), removed branches and leaves, and extracted cellulose 

following the alkaline bleaching method (Daley et al., 2010). The purified cellulose 

samples were measured for oxygen isotope composition on an Elementar PyroCube 

interfaced to an Isoprime VisION isotope-ratio mass spectrometer (IRMS), and for 

carbon isotope composition using a PDZ Europa ANCA-GSL elemental analyzer 

interfaced to a PDZ Europa 20–20 IRMS, both at the Stable Isotope Facility of University 

of California, Davis. The laboratory analytical precision is 0.3‰ for δ18O and 0.2‰ for 

δ13C. 

 

4.4. Isotope evidence for atmospheric circulation and hydroclimate changes 

Our δ18Ocell record shows several centennial-scale shifts with an average 

amplitude of ~2.5‰ over the past two millennia (Figure 4.2A). Evaporative enrichment 

of moss leaf water prior to cellulose biosynthesis is an additional factor influencing 

δ18Ocell. Although previous studies showed that evaporation effect is minimal in some 

peat bogs (Daley et al., 2010), our modern process study suggests that this effect is 

considerable, which contributes an offset of 1–4‰ between δ18Ocell and δ18Op (Figure D4; 

also see Loader et al., 2016), probably due to windy conditions. However, changes in the 

extent of evaporative enrichment in moss leaf water are unlikely to explain the observed 

variations of δ18Ocell over time. We use cellulose carbon isotope composition (δ13Ccell) 

that have been corrected for the Suess effect (Leuenberger, 2007) to constrain the growth 

conditions of Sphagnum, with lower δ13Ccell values indicating more discrimination 

against atmospheric 13CO2 due to a thinner water film, and thus drier and/or more 

evaporative environment, and vice versa (Rice & Giles, 1996). The results show that 
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down-core δ18Ocell and δ13Ccell data have a positive correlation (r = 0.43, p < 0.001 for 20-

year resampled time series; Figure 4.2A), inconsistent with the effect of evaporation that 

should have resulted in negative correlation as found in our modern process study 

(Figures D4 and D5). This observation, however, does not exclude the influence of 

evaporative enrichment on δ18Ocell values, but suggests that it is not the primary cause for 

the observed δ18Ocell shifts over time. Instead, we propose that δ18Ocell preserve the signal 

of δ18Op in this region. 

Daley et al. (2012) showed that monthly δ18Op values in southernmost Patagonia 

are neither correlated with temperature nor precipitation amount. Again, it implies that 

moisture sources and trajectories are important in influencing δ18Op in this region with 

unique development of isotopic rain shadow (Stern & Blisniuk, 2002). This interpretation 

is supported by the observation that δ18Ocell record shows negative correlation with SAM 

index reconstruction over the last millennium (r = −0.36, p < 0.01 for 20-year resampled 

time series; Figures 4.3B and 4.3C; Abram et al., 2014). In summary, the δ18Ocell record 

documents changes in growing-season δ18Op, reflecting centennial-scale shifts in the 

relative strength between westerly and easterly winds as well as the relative contribution 

between Pacific- and Atlantic-sourced moisture. Without a conspicuous long-term trend, 

our record shows shifts to weaker SHWW with more frequent easterly flows during A.D 

180–420, 660–810, 900–1020, 1390–1670, and 1840–1970, and shifts to stronger 

SHWW with less frequent easterly flows during A.D. 100–180, 420–660, 810–900, 

1020–1390, and 1670–1840. The negative shift in δ18Ocell at A.D. 1970 further 

demonstrates the sensitivity of our proxy to the observed recent atmospheric circulation 

change (Figure D7). 

The positive correlation between peat-core δ18Ocell and δ13Ccell data indicates a 

connection between atmospheric circulation and hydroclimate on the eastern side of the 

Andes in southernmost Patagonia. The δ13Ccell record supports that wetter habitats 
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occurred during the periods of weaker SHWW, and vice versa due to the rain shadow 

effect (Figure 4.2A). Macrofossil data similarly show that Sphagnum were largely 

replaced by dry-adapted vascular plants when the SHWW were stronger and became 

dominant when the easterly flows were more frequent (Figures 4.2B and D3). While we 

acknowledge that the interpretations can be confounded by localized ecohydrological 

feedbacks through internal regulations of hydrological condition and vegetation 

communities (Loisel & Yu, 2013b), the bog surface moisture signals recorded at our site 

seem to be primarily controlled by regional atmospheric circulation patterns. 

 

4.5. SHWW variability across the Drake Passage 

Paleoclimate studies from the rain shadow area of southernmost Patagonia are in 

general agreement with our interpretation of centennial-scale SHWW variability in 

strength. For example, the carbonate δ18O record of closed-basin Lago Guanaco, which 

reflects the extent of wind-driven evaporative enrichment, shows periods of stronger 

SHWW centered at A.D. 1250 and 1700 and weaker SHWW centered at A.D. 950, 1450 

and 1850 (Figure 4.3F; Moy et al., 2008). Likewise, a paleoecological record of forest 

cover fragmentations from Lago Cipreses shows recurrent centennial-scale positive 

SAM-like dry/warm intervals; the recorded shifts at LC have similar timing as the ones in 

our record, with the exception of the A.D. 1670–1840 interval, which is absent from the 

Lago Cipreses record (Figure 4.3G; Moreno et al., 2014). Desiccated wetland-remains at 

the Catalon Marsh dated back to A.D. 1050–1300 were interpreted to reflect a period of 

enhanced rain shadow effect caused by strengthening of the SHWW during the “medieval 

time” (Figure 4.3E; Stine, 1994). Furthermore, our δ18Ocell record of SHWW variability 

shows an in-phase relationship with James Ross Island ice-core δD record from the 

Antarctic Peninsula on centennial scale (Figure 4.3A; Mulvaney et al., 2012)—a record 

also used in SAM index reconstruction over the last millennium (Abram et al., 2014)—



 

183 

but importantly the relationship is persistent even before the last millennium. Together 

these records demonstrate a coherent pattern of centennial-scale variability in SHWW 

strength on either side of the Drake Passage during the late-Holocene with large 

magnitudes comparable with the recent anthropogenic shift. 

Our analysis reveals a vigorous and pronounced variability in SHWW strength on 

centennial-scale, while last millennium climate simulations driven by radiative forcing 

showed muted SAM variability before anthropogenic period (Abram et al., 2014). This 

contrast implies the importance of a teleconnection response to El Niño–Southern 

Oscillation (ENSO)-like variability as a dynamical driver of SAM or SHWW changes 

throughout the past two millennia (Moreno et al., 2018). Through Rossby wave chain, 

ENSO could influence the strength of Amundsen–Bellingshausen Seas Low, which in 

turn influences the phase of SAM on interannual scale, with an association between El 

Niño (La Niña) condition and negative (positive) phase of SAM (Fogt et al., 2011). 

Based on backward trajectory analysis, we find that the monthly frequency of easterly 

flows arriving to our study site is related to a dipole pattern of SLP anomaly between 

northern Patagonia and the Antarctic Peninsula–Bellingshausen Sea area, the latter of 

which is located within the ENSO-teleconnection domain (Figure 4.1C). Hence, the 

SHWW dynamics might reflect certain aspects in the strength of ENSO teleconnection. 

Indeed, the stronger SHWW during A.D. 1670–1840 is in phase with the Niño3.4 sea 

surface temperature (SST) minimum, while weaker SHWW during A.D. 1390–1670 and 

1840–1970 are in phase with SST maximum (Figure 4.3D; Emile-Geay et al., 2013), 

indicating strong signature of ENSO-like states modulating SHWW strength on 

centennial-scale before the recent anthropogenic shift. Although the limited length of 

Niño3.4 SST reconstruction prevents further comparison prior to A.D. 1150, La Niña-like 

condition during the “Medieval Climate Anomaly” proposed by other studies (e.g., Cobb 

et al., 2003) might explain intensification of the SHWW started from A.D. 1020. Reliable 
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ENSO reconstruction is needed to further verify if the teleconnection persisted before the 

last millennium. 

 

4.6. Conclusions and implication 

Our peat moss δ18Ocell record from southernmost Patagonia, along with other 

records, reveals the primacy of centennial-scale variability in SHWW strength across the 

Drake Passage throughout past two millennia that is comparable in magnitude with the 

recent anthropogenic shift. The record based on the use of water isotope tracer strongly 

supports that other moisture sources and trajectories other than westerly could be more 

important in the past in this region. Attributing regional hydroclimate changes to solely 

westerly flow controls is an oversimplification of climate dynamics in southernmost 

Patagonia. Moreover, the same is likely true in other mid- and high-latitude regions of the 

SH. In particular, establishment of modern ENSO regime since the mid-Holocene has 

been shown to break the SHWW zonal symmetry (Fletcher & Moreno, 2012; but see 

Fletcher et al., 2018). Our study provides evidence that synoptic-scale atmospheric 

circulations in different sectors (Atlantic, Pacific, and Indian Ocean) of the Southern 

Ocean and their teleconnections/relationships with dominant climate modes need to be 

considered to better understand regional climate dynamics and CO2 degassing process in 

the past and future (Landschützer et al., 2015). 
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Figure 4.1 (previous page). Location of paleoclimate sites and atmospheric trajectories. 

(A) Trajectory frequency contour showing two dominant moisture sources and transport 

pathways (indicated by arrows). All rainfall-producing backward trajectories during 

September–May, 2005–2017, were modeled using HYSPLIT starting from the Ariel 

Peatland (AP; marked by white circle) at a height of 500 m for 120 h duration, and 

trajectory path data were binned by 1° × 1° to produce the contour. (B) Digital elevation 

map of southernmost Patagonia overlaid by isohyet (black lines; New et al., 2002). (C) 

Spatial correlation between the percentage of monthly easterly-related trajectories 

(extracted from trajectory data in (A); Figure D6) and ERA-Interim reanalysis sea level 

pressure. Red symbols in (B) and (C) show sites discussed in this study: a–Catalon 

Marsh, b–Lago Guanaco, c–Lago Cipreses, d–Laguna Potrok Aike, e–James Ross Island. 

Blue symbols in B also show major cities in this region: RG–Río Gallegos, PA–Punta 

Arenas, and USH–Ushuaia. 
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Figure 4.2. Summary results of AP peat-core analysis. (A) Sphagnum-specific cellulose 

18O (green circles) and Suess-effect corrected cellulose 13C (brown diamonds) records. 

(B) Sphagnum (blue) and brown moss (dashed red) macrofossil percentages. Other peat 

components are mostly highly decomposed vascular plant remains. Triangles on top 

represent Bacon-modeled median calendar ages at the depth where 14C dates were 

measured. 
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Figure 4.3. Coherent centennial-scale SHWW variability. (A) James Ross Island ice core 

D record from the Antarctic Peninsula shown as 10-year (thin light blue) and 50-year 

bin values (thick dark blue) (Mulvaney et al., 2012). (B) SAM index reconstruction (70-

year filtered; Abram et al., 2014). (C) Ariel Peatland cellulose 18O record shown as 
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cross symbols (raw data) and a LOESS (α = 0.05) spline trend line, with periods of below 

and above the 2000-year cellulose 18O mean value filled by red and green color, 

respectively (this study; reverse scale on y-axis). (D) Niño3.4 sea surface temperature 

(SST) reconstruction (Emile-Geay et al., 2013; reverse scale on y-axis). (E) 14C-dated 

interval of desiccated wetland-remains from Catalon Marsh (Stine, 1994). (F) Lago 

Guanaco (LG) carbonate 18O record (Moy et al., 2008). (G) Lago Cipreses (LC) non-

arboreal pollen percentage (NAP) z-score record (Moreno et al., 2014). Grey shaded 

vertical bars indicate the periods of stronger SHWW. 
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Appendix D: Supporting Information for Chapter 4 

 

1. Site information 

Ariel Peatland (AP; unofficial name) is an ombrotrophic bog situated in the 

Karukinka Park, Isla Grande of Tierra del Fuego, Chile (54.20732° S, 68.71739° W; 

elevation 169 m above sea level). The peatland has a surface area of ~0.5 km2 and a bog 

water pH of 4.3 (measured in January 2016). The site is surrounded by forested upland 

area on the north, south and west, while on the east it opens to a large floodplain, where a 

meandering river ~250 m away is flowing northward (Figure D1). At present the bog 

surface is relatively dry, in agreement with the fact that it is located at the driest end of 

the climate space of peat bog ecosystems in southernmost Patagonia (Loisel & Yu, 2013). 

It is also flat with limited developments of hummock-hollow and pool patterns (Figure 

D1). Single-species Sphagnum magellanicum dominates the center of bog, while vascular 

plants (mixture of herbaceous and ligneous plants) are more abundant near the edge of 

bog. The vegetation of peat bogs in Patagonia has been described and summarized by 

Loisel & Yu (2013). 
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Figure D1. (A) Field photo of Ariel Peatland (AP) taken from the bog center towards its 

edge, looking toward east. (B) Core photo of 50–100 cm section from core PAT16-AP1 

collected using a Russian peat sampler. (C) Google Earth images showing the 

geographical context and location of Ariel Peatland and Valle de Consejo (VC), another 

peatland site discussed below in Section 4 below in this appendix. The main image is the 

“zoom-in” of white square area in inset image on top right.
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2. Age-depth model and loss-on-ignition results from core PAT16-AP1 

Table D1. Radiocarbon dates of core PAT16-AP1 from Ariel Peatland. 

Lab ID 

(UCIAMS) 

Depth 

(cm) 

Corrected 

depth 

(cm)* 

Dated material 

Radiocarbon 

age (14C yr BP) 

or fraction 

modern (%FM) 

δ13C 

(‰, 

VPDB) 

Median 

age (cal. 

yr BP)# 

2 range 

(cal. yr 

BP)# 

185565 15–16 15.5 
Sphagnum 

stems/leaves 

113.11 ± 0.17 

%FM† 
-25.1 - - 

185566 25–26 25.5 
Sphagnum 

stems/leaves 

131.8 ± 0.2 

%FM† 
-24.6 - - 

193654 32–33 32.5 
Sphagnum 

stems/leaves 
200 ± 15 -26.1 202 0–284 

179329 44–45 44.4 
Sphagnum 

stems/leaves 
185 ± 20 -23.9 186 0–281 

185567 56–57 56.4 

125–250 μm bulk 

peat & Sphagnum 

stems/leaves 

395 ± 15 -26.0 399 327–491 

193655 60–61 60.6 
Sphagnum 

stems/leaves 
690 ± 15 -26.6 598 561–657 

193656 65–66 66 
Sphagnum 

stems/leaves 
1130 ± 20 -26.4 981 934–1056 

185568 70–71 71.2 
Sphagnum 

stems/leaves 
1270 ± 15 -24.7 1131 1069–1184 

193657 76–77 77.3 
Sphagnum 

stems/leaves 
1610 ± 15 -26.9 1462 1411–1523 

185569 82–83 83.6 
Sphagnum 

stems/leaves 
1740 ± 15 -26.7 1600 1543–1698 

179331 90–91 91.7 
Sphagnum 

stems/leaves 
1905 ± 20§ -25.1 1793 1734–1870 

193658 96–97 98.3 
Sphagnum 

stems/leaves 
1910 ± 15§ -26.5 1798 1742–1868 

185570 
108–

109 
109 

Sphagnum 

stems/leaves 
1915 ± 15§ -25.1 1810 1744–1872 

179333 
131–

132 
131.6 

Sphagnum 

stems/leaves 
3275 ± 20 -25.3 3450 3382–3557 

179330 
159–

160 
160 

Sphagnum 

stems/leaves 
3865 ± 20 -26.3 4212 4094–4400 

179332 
203–

204 
203.6 >63 μm bulk peat 4660 ± 20 -27.8 5410 5295–5462 
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(previous table) 
*Some drives of peat core were slightly compressed during transport 

from field to lab, and for each subsample we used their corrected depths, assuming 

uniform compression of an individual core drive. 

#Radiocarbon ages were calibrated to calendar ages using SHCal 13 dataset (Hogg et al., 

2013) with Calib v7.10 (http://calib.org/calib/calib.html). 

†These are post-bomb 14C dates, which were originally reported as the fraction relative to 

modern 14C (FM). Using calibration curve of Bomb 13 SH 1–2 dataset (Hua et al., 2013) 

on OxCal v4.3 (https://c14.arch.ox.ac.uk/oxcal/OxCal.html), sample 185565 was 

calibrated to A.D. 1959 (7.8% probability) and A.D. 1993 (87.6%). Sample 185566 was 

calibrated to A.D. 1963 (1.8%) and A.D. 1978 (93.6%). For the first sample, considering 

the stratigraphic position, we rejected the possibility of A.D. 1959 and assigned it an age 

of A.D. 1993. For the second sample, considering accumulation rates, we assigned its age 

at A.D. 1963 as that better fitted the expected peat accumulation pattern. In Bacon 

program, we input these two dates manually to their calibrated calendar years to avoid 

modeling age-depth relationships based simply on probability of post-bomb dates. 

§Three identical 14C dates within the uncertainty range suggested rapid accumulation of 

Sphagnum peat in this interval.
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Figure D2. (A) Bacon age-depth model of core PAT16-AP1. (B) Organic matter 

percentage and ash-free bulk density of peat core from loss-on-ignition (LOI) analysis. 

The down-core variation of ash-free bulk density mainly reflected changes in botanical 

composition and the degree of decomposition of peat (Loisel et al., 2014). Organic matter 

percentage was higher than 95% throughout the core with very low mineral materials, 

except a tephra layer at 154–157 cm, suggesting the absence of fluvial influence on the 

peat bog.
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3. Macrofossil analysis from Ariel Peatland 

Figure D3. Peat component and macrofossil diagram of peat core PAT16-AP1. The 

lowest section (older than 5400 cal. yr BP based on interpolated ages) was likely lake 

sediments with low organic matter (<30%; Figure D2). The apparent gap of Sphagnum 

from 3200 cal. yr BP to 1900 cal. yr BP led us to develop a Sphagnum-specific cellulose 

isotope record only for the past two millennia. Sphagnum macrofossils shown here are all 

from S. magellanicum as we did not find macrofossils of any other species (such as S. 

cuspidatum) in the core that could be present at wet locations near hollows and pools.
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4. Evaluation of evaporative effect on oxygen isotopes of moss cellulose 

We conducted a modern process study using surface Sphagnum samples across a 

hummock-hollow microtopographic gradient to further understand the influence of 

moisture condition on stable isotope compositions in Sphagnum cellulose. Site Valle de 

Consejo (VC; Figure D1C), located at about 4.5 km west to our peat-core study site AP, 

has considerable developments of surface hummock-hollow patterning, creating an ideal 

setting to carry out modern process study. In addition to field measurements of in situ 

hydrological variables, we collected Sphagnum samples at every 30-cm along a north-

facing hummock-hollow transect of >400 cm in length and extracted cellulose from 

Sphagnum capitula (the very top of actively growing portion of mosses that represents the 

recent growth, i.e., during the summer) and then carried out isotope analysis following 

the same lab procedure as for down-core samples. Our results showed a strong negative 

correlation between δ18Ocell and δ13Ccell values (r = −0.8; p < 0.001), implying a common 

environmental factor governing the intra-site variation of both isotope ratios (Figure D5). 

Likewise, this negative correlation was also found from another similar study at a 

Sphagnum-dominated peatland site in southernmost Patagonia (Figure D5; Loader et al., 

2016). Many studies on carbon isotope composition of mosses concluded that moisture 

availability exerts a critical influence (Rice & Giles, 1996; Price et al., 1997; Ménot & 

Burns, 2001; Loisel et al., 2009), although other studies indicated potential influence of 

temperature, probably due to intrinsic relation between temperature and moisture-related 

environmental factors (e.g., Ménot & Burns, 2001; Moschen et al., 2011). Other 

influencing factors include CO2 concentration (White et al., 1994) and recycled CH4-

derived CO2 (Price et al., 1997). On the other hand, oxygen isotope composition of 

mosses is mainly controlled by the oxygen isotope composition of meteoric water and its 

subsequent evaporative enrichment in 18O of leaf water. For moss samples along our local 

hydrological transect, they should receive the same source of moisture, i.e., from 
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precipitation. Therefore, evaporative enrichment played a key role modifying/elevating 

the source water δ18O values (Ménot-Combes et al., 2002; Zanazzi & Mora, 2005). Our 

calibration data from site VC showed that δ18Ocell values had a range of ~18–21‰ 

(Figure D4). We made the following two assumptions to quantify the evaporative 

enrichment on δ18Ocell: 

(1) Summer precipitation input has an average δ18O value of about −10‰ based on the 

Global Network of Isotopes in Precipitation (GNIP) data in Ushuaia, the nearest GNIP 

station to our study site, also located on the east side of the Andes divide. 

(2) Biochemical enrichment factor (εb) during cellulose biosynthesis has a constant value 

of ca. +27‰ that has been widely accepted in the literature (e.g., Zanazzi & Mora, 2005; 

Sternberg, 2009; Daley et al., 2010; Sternberg & Ellsworth, 2011). This fractionation 

factor seems to be conservative and independent of species (Daley et al., 2010). Recently, 

this biochemical enrichment factor has been considered to be temperature-dependent 

(Sternberg & Ellsworth, 2011): 

εb = 0.0073T2 – 0.4375T + 35.528 

where T denotes temperature. If using average summer day-time temperature (~15 °C) in 

our study region (Loader et al., 2016), the temperature-calibrated εb would be slightly 

higher, at around +27.5 ‰. However, it should be noted that the εb-temperature 

relationship reported by Sternberg & Ellsworth (2011) was based on limited number of 

data and did not provide the uncertainty range. Thereafter, we still used +27‰ as the 

value of εb to estimate the extent of evaporative enrichment shown below. 

We then calculated the hypothetical values of δ18Ocell without considering any 

evaporative enrichment in leaf water using the equation (Daley et al., 2010): 

δ18Ocell = δ18Op + εb 

The derived hypothetical δ18Ocell value is ~17‰, which is at least about 1‰ lower 

than the δ18Ocell values (~18–21‰) observed from the surface Sphagnum samples. We 
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thus concluded that the extent of evaporative enrichment contributed an offset of ca. 1–

4‰ between δ18Ocell and δ18Op. The uncertainties in δ18Op and εb values would only 

influence the magnitude of evaporative enrichment, but they would not hamper our 

inference that evaporation isotopically enriched the leaf water, and played a key role 

modifying/elevating δ18Ocell values. 

We suggest that moisture condition or evaporative enrichment are the only 

possible mechanism to explain the negative correlation between δ18Ocell and δ13Ccell in our 

dataset. Hummock-growing Sphagnum mosses are away from the water table and thus 

drier with a thinner water film, which results in stronger discrimination against 

atmospheric 13CO2 and lower δ13Ccell values. Because hummock-growing Sphagnum are 

in deficiency of water, moss leaf water is subject to enhanced evaporative enrichment in 

18O, resulting in higher δ18Ocell values. By contrast, hollow-growing Sphagnum mosses 

are near the water table and thus wetter with a thicker water film, which results in less 

discrimination against atmospheric 13CO2 and higher δ13Ccell values. Also, leaf water in 

hollow-growing Sphagnum mosses are near saturated, and leaf water is more protected 

from evaporative enrichment, which results in lower δ18Ocell values. Therefore, we 

propose that paired measurements of moss δ18Ocell and δ13Ccell in the same cellulose 

samples allow us to elucidate the effect of moisture condition or evaporation in peat-core 

analysis. If negative correlations between those isotopes were also found in peat cores, 

the relationships likely indicated changes in bog surface moisture conditions. However, 

in our peat-core analysis of core PAT16-AP1, we did not observe such negative 

correlation. Therefore, we conclude that moisture condition or evaporation are unlikely to 

be the dominant factors that explain the changes in δ18Ocell. Instead δ18Ocell primarily 

document changes in δ18Op. 
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Figure D4 (previous page). (A) Field photo of the hummock-hollow transect at site Valle 

de Consejo (VC) for our modern process study. (B) Sphagnum δ18Ocell (green circles) and 

δ13Ccell (orange circles) variations across hummock-hollow hydrological gradient. Data 

points on the right side of black vertical dashed line are from different species: green-

color S. cuspidatum. Green and orange horizontal dashed lines are the δ18Ocell and δ13Ccell 

values of surface Sphagnum moss capitula from the coring location of site Ariel Peatland. 

(C) Field measurements of relative water content (water mass/dry moss mass; pink filled 

squares) and water table depth (blue open diamonds) on the hummock-hollow transect. 
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Figure D5. Negative correlation between Sphagnum δ18Ocell and δ13Ccell from surface 

samples along hydrological gradient within a single site. Data from site VC (Figure D4) 

show negative correlation (r = −0.8, p < 0.001) with a slope of −0.38 in regression line. 

Data from the site in Laguna Parrillar National Reserve about 35 km southwest to Punta 

Arenas were collected across multiple hummock-hollow transects (Loader et al., 2016) 

but a weaker negative correlation (r = −0.51, p < 0.05) with a slope of −0.91 in regression 

line could still be found. 
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5. Air-parcel backward trajectory analysis using HYSPLIT model 

We used a Python package (PySPLIT; Cross, 2015) interfaced with NOAA’s 

HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) (Stein et al., 2015) 

to analyze the backward trajectories of rainfall-producing air masses from our study site 

Ariel Peatland. We used the Global Data Assimilation System (GDAS) at 1° × 1° 

resolution as the gridded meteorological data. By running the “mass-production” 

trajectory generation code in PySPLIT, we calculated 120-hour back-trajectories at every 

6-hour interval for September–May (austral spring, summer and autumn, i.e., most likely 

growing seasons) during the period 2005–2017. Air parcels were initialized at 500 m, 

1000 m, 1500 m, and 2000 m above ground level (AGL), but we restricted following 

analysis to only trajectories with initialization altitude at 500-m AGL (~900 mb) as air 

parcel movements at this level are more sensitive to synoptic conditions, particularly to 

the days with easterly winds (Agosta et al., 2015). We further filtered trajectories based 

on two criteria: (1) trajectory is rainfall-producing at starting point (time = 0); and (2) 

integration error calculated from “reverse trajectory” is lower than two units of standard 

deviation of the mean (Cross, 2015; Scroxton et al., 2017). This resulted in total of 2506 

trajectories, which were then binned by 1° × 1° to count the trajectory frequency and 

produce frequency contour (Caves et al., 2015). We then used Python to further extract 

the back-trajectories that passed over the Atlantic Ocean within 20 hours before arriving 

the location (Figure D6). Monthly percentage of easterly-related trajectories during the 

months from September to May in the period 2005–2017, were then used to investigate 

the correlation with ERA-Interim sea level pressure on Climate Explorer 

(http://climexp.knmi.nl) (Krklec & Domínguez-Villar, 2014). 
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Figure D6. Easterly-related trajectories extracted from rainfall-producing trajectories in 

April 2017 as an example. Red star is our study site Ariel Peatland.
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6. A close-up look of PAT16-AP1 proxy record for the last 150 years 

Figure D7. A close-up look at proxy records of peat core PAT16-AP1 during the recent 

150 years in comparison with instrumental records. (A) Sphagnum δ18Ocell record. (B) 

Marshall annual SAM index (reverse scale on y-axis). (C) Sphagnum corrected δ13Ccell 

record. (D) Punta Arenas and Ushuaia station-based annual total precipitation records; 

data source is the Global Historical Climatology Network (GHCN) dataset. Triangles on 

top are the level dated by post-bomb radiocarbon (Table D1). 
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CONCLUDING REMARKS 

 

This dissertation represents an interdisciplinary case study combining modern and 

paleo perspectives to provide a process-driven and cross-scale understanding of climate 

change in the remote Southern Hemisphere. The approaches and results presented in this 

dissertation provide new thinking and critical insights to several disciplines, including 

stable isotope geochemistry, atmospheric sciences, plant physiology, and 

paleoclimatology. 

As one of the main contributions of this dissertation, the approach presented in 

Chapter 1 offers new opportunities for studying hydrological processes using 

precipitation isotope data from large-scale monitoring network such as the GNIP program. 

These isotope data are often measured from monthly-composited precipitation as mixing 

signals, and many studies usually regard each monthly precipitation isotope datum as just 

a single and simple value. Whereas my approach can resolve and quantify the 

composition of these collected precipitation samples that likely explain the consequence 

of the mixing signals, and, as such, will provide a window to investigate the processes 

responsible for each datum. In a broader perspective, this approach could be further 

explored and incorporated into the current studies of isotope-based ecohydrology. 

Isotope proxies are widely used in paleoclimate reconstruction for decades, while 

the climate interpretations on the isotope data differ in different regions or timescales and 

are often vague or contentious. These interpretations are often based on the classic 

temperature or precipitation-amount effects that have emerged from the empirical 

correlations on spatial or seasonal datasets. However, these empirical correlations do not 

explain the processes-based mechanisms and likely are not the appropriate analogue to 

explain the long-term variations in precipitation isotopes at a location. As such, many 

studies found that neither temperature nor amount effects could satisfyingly explain 
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isotope data for paleoclimate reconstruction. Whereas it has been well recognized that on 

paleoclimate timescales, changes in precipitation isotopes reflect the integration of 

changes in large-scale atmospheric circulation. With the observational evidence from 

Chapter 1, Chapter 4 further extends the idea that changes in precipitation isotopes at a 

location reflect the shifting synoptic-scale patterns rather than local climatic parameters. 

This idea should be paid more attention for all other isotope-based paleoclimate 

reconstruction. 

 In recent decades, there is an increasing interest in characterizing the stable 

isotopes of plants and plant-derived compounds, such as cellulose and leaf wax, in the 

studies of paleoclimate and biogeochemical cycle. Compared to mineral-based approach, 

such as measuring carbon and oxygen isotopes in carbonates, stable isotopes in plants 

provide various information about biotic or plant-mediated processes, including water 

and nutrient cycling, ecosystem dynamics, and bioclimatic conditions. While tremendous 

progress has been made, the attendant challenges also emerge. Isotopic fractionations 

occurred in plants are almost all complex kinetic processes that are difficult to 

characterize by first principles, and, from another point of view, are black box processes. 

An example for this is the “apparent” fractionation factor for plants, which essentially 

reflect the fact that there are very limited knowledges about how stable isotope 

compositions of plants are controlled by both biotic and abiotic factors. Chapter 2 and 

Chapter 3 demonstrate that understanding the plant physiology is the key step in 

deciphering the mystery mechanisms that govern isotopic variations in plants. For 

example, we measure the water content of Sphagnum mosses to characterize their 

moisture availability at different microtopographical locations in peat bogs. The water 

content measurements were widely used in physiology studies of bryophytes several 

decades ago but have rarely, if ever, been used to calibrate any bryophyte-related proxies, 

and it is the same case for vascular plant leaves. With new knowledge in isotopic 
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physiology of plants, I refine the isotope-based approach in paleoenvironmental analysis 

of peat cores, and thanks to this, I am able to reconstruct past SHWW variability with 

confidence in proxy signal interpretation.  

 Lastly, the prominent contribution of this dissertation is to reveal the diverse 

synoptic-scale behaviors within the realm of SHWW. For a very long time, the SHWW 

have been regarded as a hemisphere-wide, unidirectional, zonal wind-flow pattern. From 

paleo perspectives, researchers usually focus on the strength and position of the SHWW 

and how such changes affect the Southern Ocean system and the Antarctic cryosphere. 

This dissertation shows that synoptic weather types associated with non-westerlies could 

be very important in the SHWW realm, not only in Patagonia, but also in other sectors of 

the Southern Ocean. Such diverse synoptic-scale patterns could play a dominant role in 

regulating regional climate and Southern Ocean CO2 degassing. Indeed, the asymmetric 

behavior of the SHWW has been invoked to explain the highly variable CO2 exchange 

pattern over different sectors of the Southern Ocean during the instrumental period 

(Landschützer et al., 2015). 

As such, I propose that climate shifts occurred in the SHWW realm reflect more 

shifts in synoptic-scale patterns than the large-scale condition of the SHWW. For 

example, isotope data from Ariel Peatland suggest that non-westerlies contribute 30% 

more precipitation during the early twentieth century in southern Patagonia. It could 

occur under an anomalous synoptic-scale pattern over the Drake Passage as strong high-

latitude blocking conditions under a negative phase of the SAM. Coincidently, the 

Antarctic Peninsula was 3°C colder than today during that period (Stenni et al., 2017), 

which could be attributed to the same synoptic-scale pattern. There is increasing evidence 

that the Antarctic Peninsula is one of fastest warming spot on the Earth in the global 

warming era. From the point of view of synoptic-scale pattern, I propose that such fast 

warming in the Antarctic Peninsula could simply emerge from a shifting atmospheric 
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circulation pattern over the last century that might be driven by the tropical ocean-

atmosphere system. If so, the temperature sensitivity to CO2 forcing in the global 

warming trend might be overestimated in the Antarctic Peninsula, because of the strong 

natural climate variability in this region (Turner et al., 2016) 
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Appendix E 

 

 

The expression of “4.2 ka event” in southern Patagonia under a quiet ENSO regime 

 

1. Introduction 

Widespread evidence have documented the global expression of a climate 

anomaly that occurred 4200 cal. yr BP, known as the 4.2 ka event (Booth et al., 2005). 

This “4.2 ka event” initially was identified as a megadrought in the tropical and 

subtropical regions of the Northern Hemisphere and has been recoganized as the possible 

climatic driver of the collapse of major ancient civilizations (Cullen et al., 2000; 

Staubwasser et al., 2003). Recently, the “4.2 ka even”t has been approved as the 

chronostratigraphic boundary to divide the Middle and Late Holocene Sub-series/Sub-

epoch by the Global boundary Stratotype Section and Point (GSSP), based on a 

speleothem δ18O record in India that indicates an abrupt monsoon weakening (Walker et 

al., 2019). Controversies also arise about the nature of “4.2 ka event”, such as the strength 

and direction of the event (wet or dry) and the duration of the event. Other controversies 

include whether it was driven by internal or external forcing, whether it was a climate 

“regime transition” or “transient anomaly”, and whether it was really global or only 

regional. 

A recent synthesis by Railsback et al. (2018) has provided a comprehensive 

overview on the global expression of this event and suggested that wetter conditions 

could occur in southern Africa that contrast with the widespread droughts in the Northern 

Hemisphere. This synthesis also points to the possibility of a southward movement of 

global atmospheric circulation cells including the Intertropical Convergence Zone (ITCZ) 

as the driver of the event, that potentially also affect the Southern Hemisphere mid-
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latitude regions. I extend the cellulose isotope analysis of the peat core from Ariel 

Peatland (AP) in Chapter 4 to the rest of the entire core to investigate the expression of 

“4.2 ka event” in southern Patagonia, taking advantage that Sphagnum mosses dominate 

the peat macrofossils throughout this interval. However, I find that the record provides 

better evidence for the weaker teleconnection of the El Niño-Southern Oscillation (ENSO) 

during that time. 

 

2. Methods 

A major volcanic eruption of the Mount Burney also occurred 4200 cal. yr BP at 

coincidence (Stern, 2008). The peat core has a 1-cm visible tephra layer, but loss-on-

ignition data suggest that the ashes spread across 5-cm peat section due to the reworking 

process. Based on the interpolation from multiple tephra layer records, it has been 

estimated that the original tephra layer should be between 0.1 and 1 cm in thickness at the 

site AP (Kilian et al., 2006). Considering that tephra deposition could cause long-lasting 

ecosystem damage and perturbations of paleoclimate proxy records (Kilian et al., 2006), 

caution should be taken for data interpretation. In addition, the current age-depth model is 

poorly constrained for the lower half of this peat core, with only three age determinations 

from 14C dating analysis during the period 5400–3300 cal. yr BP (Figure D2). 

 

3. Results and Discussion 

The results are presented in Figure E1. Cellulose δ13C data show a short shift 

towards lower values around 4200 cal. yr BP, suggesting that peat mosses became drier. 

This isotope shift occurred below the tephra layer, so this signal is not affected by tephra 

deposition. This dry interval is also supported by a lower lake-level with a less surface 

runoff inferred from multi-proxy data at Laguna Potrok Aike (LPA) in Argentina (52°S) 

(Mayr et al., 2007). As a preliminary inference, these consistent signals depict the “4.2 ka 
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event” as a drier interval on the leeward side of southern Patagonia. However, I 

acknowledge that this change did not stand out as a major event but actually there are 

several larger-magnitude shifts over the last 5400 years at the site. 

Cellulose δ18O data show a short shift slightly towards higher values during the 

interval when cellulose δ13C values were the lowest. The apparent negative correlation 

between Sphagnum cellulose δ13C and δ18O data indicates that the increase in cellulose 

δ18O could be explained by a greater evaporative enrichment as discussed in Chapter 2. 

This explanation is different from Chapter 4, in which cellulose δ18O data were argued to 

reflect the changes in precipitation δ18O as a result of changes in atmospheric circulation 

pattern. 

Furthermore, the cellulose δ18O data show much smaller centennial-scale 

fluctuations from 5400 to 3300 cal. yr BP than during the last 2000 years. I propose that a 

lack of centennial-scale variability in precipitation δ18O prevailed during 5400–3300 cal. 

yr BP, which is remarkably different from the recent 2000 years. Recent studies from 

tropical corals suggest that the ENSO variance was significantly weaker during 5000–

3000 cal. yr BP than pre-industrial period (Grothe et al., 2019). If ENSO regime was 

quiet, its Rossby wave teleconnection to southern Patagonia would be much reduced. As 

such, the synoptic weather types with blocking conditions that favor easterly winds 

would not occur frequently. I hypothesize that synoptic-scale patterns in southern 

Patagonia were persistently dominated by disturbance-embedded westerlies during 5000–

3000 cal. yr BP, despite that the overall strength of westerlies could vary on centennial 

timescale. Notably, airborne pollen data from LPA suggest that the westerlies became 

stronger around the “4.2 ka event” that might enhance the rain shadow condition in 

southern Patagonia (Mayr et al., 2007) but increase precipitation delivery to the Andean 

Nothofagus forest (Moreno et al., 2018). However, the stronger westerlies did not 

decrease the precipitation δ18O relative to the periods when the westerlies were weaker. If 
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the westerlies were indeed weaker prior to the “4.2 ka event”, during that time easterly 

winds bringing in precipitation with higher δ18O that occur as an important synoptic 

weather type in recent century was not yet established. This could explain the lack of 

variability in precipitation δ18O in southern Patagonia when ENSO was quiet. 

Overall, the stronger westerlies and the enhanced rain shadow around the “4.2 ka 

event” in southern Patagonia could be driven by a “southward push” mechanism of ITCZ 

that has occurred during the last deglaciation (Montade et al., 2015). Therefore, it 

supports the notion that the “4.2 ka event” is also a result of global ocean-atmosphere 

reorganization. 
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Figure E1. Summary of the whole peta-core analysis of PAT16-AP1 and comparison 

with other records. (a) AP macrofossil percentage; (b) AP Sphagnum cellulose δ13C 

corrected for δ13C of atmospheric CO2 (see Chapter 4); (c) AP Sphagnum cellulose δ18O; 
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(d) LPA organic matter C:N ratios with higher values indicating lower lake levels (Mayr 

et al., 2007); (e) LPA sediment Ti content with lower values indicating lower surface 

runoff (Mayr et al., 2007); (f) The warm/dry intervals documented by paleoecological 

records from Lago Cipreses close to Andean Nothofagus forests (Moreno et al., 2018); (g) 

LPA airborne pollen index including the ratio of Andean forest taxa (AFT) to AFT plus 

Patagonian steppe taxa (PST) (blue) and AFT pollen flux (red) (Mayr et al., 2007). The 

light gray vertical bar indicates the period between 4500–3900 cal. yr BP bracketing the 

“4.2 ka event” considering the large uncertainty of current age-depth model. 
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Appendix F 

 

 

Late Holocene hydroclimate of South Georgia inferred from carbon and oxygen isotope 

analysis of Sphagnum and brown mosses in peat 

 

1. Introduction 

As discussed in Chapter 4 and the general conclusion of this dissertation, diverse 

synoptic-scale patterns play a more important role in regulating regional climate in the 

mid-latitude regions of the Southern Hemisphere. Therefore, developing new 

paleoclimate records from different sectors of the Southern Ocean will provide a more 

complete view on the past climate variability in this region that potentially provide new 

insights into the evolution of the SHWW. This study focuses on the island of South 

Georgia located in the South Atlantic Ocean. There have been a number of studies that 

have investigated glacier and ecosystem changes in South Georgia during the late glacial 

and Holocene (e.g., Birnie, 1990; Van der Putten et al., 2004; Van der Putten et al., 2009; 

Clapperton et al., 1989; Oppedal et al., 2018). Notably, South Georgia is in the locus of 

complex ocean water mass circulation in the Southern Ocean. As a result, regional 

climate is sensitive to latitudinal variations in the position of the Antarctic Polar Front 

that is itself modulated by the SHWW. The regional topography of South Georgia is 

comparable to southern Patagonia. It has glaciated mountains on the west and partly 

vegetated coastal areas on the east, but South Georgia is located south of the Antarctic 

Polar Front so its climate is much colder than Patagonia. 

Extensive and diverse types of peat-forming ecosystems are found on the 

deglaciated part of eastern South Georgia, including some bogs with Sphagnum mosses 

(Van der Putten et al., 2012). Prince Olav Bog (POB) is such a Sphagnum-dominated 
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peat bog, located in the Prince Olav Harbour by the Possession Bay. At this site, 

Sphagnum fimbriatum form dry hummock-like patches, surrounded by wet hollows that 

are dominated by monocots and brown mosses. A peat core was collected at one of the 

Sphagnum patches in 2008 and is under a multi-proxy investigation to reconstruct 

climatic and environmental history in South Georgia. The entire core is 380-long with 

visible peat layers of different botanical compositions. The complete chronology is still 

pending but has been constrained by several 14C dates, and peat was initiated around 

9500 cal. yr BP at this site. 

 

2. Methods 

Peat macrofossils were analyzed at every 4 cm to characterize the botanical 

composition of these peat samples. For samples that have abundant identifiable 

Sphagnum fimbriatum and brown moss (Warnstorfia sp. or cf. Drepanocladus sp.) 

macrofossils, I picked out these macrofossils for cellulose extraction. For Sphagnum, I 

used stem macrofossils for cellulose extraction following the method presented in 

Chapters 2 and 4. For brown mosses, I used bulk (whole plant) macrofossils for cellulose 

extraction. The cellulose yield is much lower for brown mosses than Sphagnum, thus the 

brown moss macrofossils were only subjected to two rounds of acidified sodium chlorite 

bleaching before being treated with sodium hydroxide, with another one round of 

acidified sodium chlorite bleaching after. Other procedures including cellulose isotope 

analysis follow the Chapters 2 and 4. From Sphagnum, Warnstorfia, and cf. 

Drepanocladus macrofossils, there are 42, 22, and 5 cellulose samples measured for δ13C, 

and there are 45, 36, and 5 cellulose samples measured for δ18O, respectively. 

 

3. Results and Discussion 
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 Selective moss macrofossil abundances and isotope data are presented in Figure 

F1 with a preliminary age-depth model (not shown). The moss-dominated vegetation was 

established around 7,000 cal. yr BP and probably even earlier. For intervals with low 

moss macrofossil abundances, these peat samples mainly compose of either 

unidentifiable organic matter particles (smaller than 250 µm) or monocots (grasses). The 

moss species had multiple turnovers over time, except between 2500 and 1000 cal. yr BP, 

during which the monocots became dominant plants. If samples were analyzed at every 

centimeter, I expect that moss species turnover might be even more frequent. 

 Cellulose δ13C data show a long-term decreasing trend of >4‰ from 5000 cal yr 

BP to present, with the recent >2‰ shift that seems not entirely caused by the Suess 

effect (~1.5‰), although the current chronology has not been completed for the recent 

peat section. Warnstorfia cellulose δ13C are around 2‰ higher than Sphagnum cellulose 

δ13C, suggesting that Warnstorfia leaves might have a thicker external water film layer. 

Sphagnum cellulose δ18O data show an increasing trend from 5000 to 2500 cal. yr BP and 

then a plateau with some fluctuations. Warnstorfia cellulose δ18O are around 2.5‰ higher 

than Sphagnum cellulose δ18O and have a larger variability. These observations conform 

to the unique “water buffer” physiology in Sphagnum that preserve a smaller degree of 

evaporative enrichment signal even though brown mosses often prefer a wetter habitat 

(see Chapter 3). 

 Sphagnum cellulose δ13C and δ18O have a negative correlation (Figure F2), except 

the most recent 4 samples that likely have been contaminated by the Suess effect and 

could be corrected once a complete 210Pb chronology is available. This down-core 

negative correlation implies a common main driver. From the detailed isotopic 

physiology study presented in Chapter 2, I infer that both variations in cellulose δ13C and 

δ18O are mainly controlled by changes in Sphagnum water content over time. Under this 

scenario, Sphagnum cellulose δ13C data indicate that POB site likely experienced a long-
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term trend of peat bog drying and became the driest during the recent period. The 

increase in cellulose δ18O from 5000 to 2500 cal. yr BP suggests that the degree of 

evaporative enrichment became larger with drying, although variations in precipitation 

δ18O are also possible to affect cellulose δ18O signals throughout the record but difficult 

to constrain. Whereas the similar correlation is not found for Warnstorfia data, meaning 

that isotopic variations in brown mosses are more physiologically complex and subjected 

to other processes. Although Sphagnum and Warnstorfia cellulose δ18O have an overall 

parallel trend, the correlation is not significant for samples where both Sphagnum and 

Warnstorfia cellulose δ18O data are available (Figure F2). 

 The millennial-scale peat bog drying inferred from the dual isotope analysis might 

be driven by climate shift. Paleoecological analysis from another peatland core in South 

Georgia also showed that a shift from wet to dry condition occurred around 4000 cal. yr 

BP and the dry condition sustained until 2800 cal. yr BP (Van der Putten et al., 2004). 

Similar drying shift was also found from another peatbank core in South Georgia at 4400 

cal. yr BP (Van der Putten et al., 2009). These changes are similar to what the POB 

record implied that likely will be further constrained by an improved chronology. The 

consistent observations among multiple peat records from South Georgia indicate the 

trend shown in POB data is less likely caused by site-specific ecohydrological self-

regulating processes. The cause for the drying trend might be increasing temperature 

rather than decreasing precipitation. Modeling studies suggest that temperature changes 

cause lasting alternations to bog surface wetness, but precipitation changes only cause 

transient shifts that then have homeostatic recovery (Morris et al., 2015). This possibility 

is supported by the multi-proxy and temperature reconstruction from Fan Lake on 

Annenkov Island, west off the main island of South Georgia, which showed the Mid-

Holocene Hypsithermal period between 4500 and 2800 cal. yr BP (Foster et al., 2016). 

Another warming period from Fan Lake record is the Medieval Climate Anomaly 
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between 1200 and 600 cal yr BP, while POB Sphagnum cellulose δ18O data also show 

increasing values in response to this warming interval. 
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Figure F1. Summary of POB peat core analysis. Results for (a) cellulose δ13C, (b) 

cellulose δ18O, and (c) macrofossil analysis are plotted against preliminary chronology. 

Individual cellulose data points are presented as dots with three-point average as lines. 

Different colors refer to different mosses. The scale of Suess effect on δ13C of 

atmospheric CO2 is presented in (a) for reference (Rubino et al., 2013). Monthly mean 

precipitation δ18O from nudged isotope-enabled global circulation models (see Chapter 3; 

Risi et al., 2012) at site POB for austral summer at POB is shown as crosses in (b). The 

gray vertical bars indicate warming periods from Fan Lake (Foster et al., 2016). 
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Figure F2. Correlations between moss cellulose isotope data from POB peat core. (a) 

Correlation between cellulose δ13C and cellulose δ18O for Sphagnum and Warnstorfia. 

Results are shown with regression line. The open orange squares are data from the the 

most recent 4 samples that likely have been contaminated by the Suess effect. (b) 

Correlation between Warnstorfia cellulose δ18O and Sphagnum cellulose δ18O. The 

regression line (black line) could be established only after an outlier (open dots) was 

removed. Also shown were the 1:1 line that illustrates Warnstorfia cellulose δ18O are 

apparently higher than Sphagnum cellulose δ18O from the same peat sample. 
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Appendix G 
 
 

Roles of temperature and meltwater in affecting peat accumulation of a glacier-fed peat 

bog on South Georgia 
 

1. Introduction 

 Appendix II has briefly introduced the importance of developing new 

paleoclimate records from peat bogs in currently unglaciated terrains on South Georgia. 

Glaciers in South Georgia are sensitive to regional climate change, and there have been 

some studies exploring past glacier variability in this region. One of the approaches is 

using sedimentary records from glacier-fed lakes and peat bogs to reconstruct the past 

size of up-valley glaciers. One of such studies have been carried out on Diamond glacier 

in the Olsen Valley of Cumberland West Bay, where there is a pair of lake (Diamond 

Lake) and bog (Diamond bog; DB) in downstream location fed by glacier meltwater 

(Oppedal et al., 2018). Past variability of the Diamond glacier has been reconstructed 

using a multi-proxy approach that showed consistent sedimentary signals in both lake and 

bog records. For example, both records showed a sudden and large increase in silt and 

sand at about 2600 cal. yr BP. That study raised the potential of using glacier-fed bogs as 

the archive to reconstruct past glacier variability. Similar peat-forming ecosystems could 

also be found in down-stream settings in South Georgia and elsewhere.  

I extended the analysis of the peat core collected from the DB to understand how 

past glacier activity has affected peat bog habitat and development, using plant 

macrofossils, cellulose carbon and oxygen isotopes of brown mosses, and peat 

accumulation calculation. Peat-forming ecosystems like the DB are very common on 

many recently deglaciated “frontier” areas. These peat bogs usually first colonize shallow 
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depression inundated by meltwater and their functions are not stable and strongly affected 

by glacier processes. Compared to mature Sphagnum-dominated peat bogs that dominate 

boreal regions, there are less studies to characterize the ecosystem processes of these 

“frontier” peat bogs using peat core data. However, these peat bogs including the DB 

could be seen as an early stage of peat bog development. Therefore, understanding the 

ecosystem processes of these peat bogs and their interactions with nearby glaciers could 

improve our understanding of the promoting and limiting factors for peat initiation, 

accumulation, and expansion. 

 

2. Materials and methods 

The 204-cm-long DB peat core was collected from an exposed section of a stream 

cut bank, by which the meltwater stream has cut deep meanders into the bog. The 

chronology of this peat core has been constrained by multiple 14C ages (Oppedal et al., 

2018). The lithology of peat core could be divided into two distinct parts: the lower 

section (204–95 cm) of dense black peat (Unit A), and the upper section (95–0 cm) of 

clayey peat interbedded with minerogenic materials (Unit B). The transition occurred 

around 2600 cal. yr BP. 

Plant macrofossils were analyzed at every 2-cm. For brown moss-dominated 

samples, I analyzed cellulose δ13C and δ18O from the bulk tissues of hand-picked brown 

moss macrofossils following the same method presented in Appendix F. Most of the 

isotope analysis was carried out on Warnstorfia sp., plus a few on Sanionia sp., which 

could be the dominant macrofossil in a few samples. Using the updated age-depth model 

and loss-on-ignition data, I calculated the accumulation rate of organic matter (OM) and 

inorganic matter (IOM) throughout the peat core. 

 

3. Results 
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 The results are presented in Figure G1 with comparisons with other proxy data 

from the same core or from other sites in the region. The Unit A section shows 

fluctuations in abundance of brown mosses versus monocots. After the transition into the 

Unit B around 2600 cal. yr BP, the plant macrofossils were dominated by monocots. At 

around 500 cal. yr BP, brown mosses replaced monocots and then disappeared since 150 

cal. yr BP. 

 The brown moss cellulose δ13C and δ18O data show very large ranges of 

variability, up to 18‰ and 8‰, respectively, and these two isotope ratios are positively 

correlated. Notably, there are four “spikes” in negative δ13C and δ18O excursions at 4200, 

3800, 3100, and 100 cal. yr BP. 

 The OM accumulation rate shows variability spanning over an order of magnitude 

that could be as high as 100–500 g OM m–2 yr–1 for Unit A and as low as 30 g OM m–2 

yr–1 for the period 2400–1800 cal. yr BP. The OM accumulation rate increased steadily 

since 1800 cal. yr BP, reaching a value of 140 gOM m–2 yr–1 at 500 cal. yr BP, followed 

by a recent jump that could be attributed to the lack of decomposition in recently 

accumulated OM. The accumulation rate of IOM seems to be parallel with OM for the 

Unit A, but since the transition to the Unit B the two trends seem negatively correlated on 

shorter timescale but positively correlated on longer timescale, until to the similar recent 

jump (Figure G2). This recent abrupt increase in IOM accumulation rate might be due to 

the impact of recent meandering stream that reached close to coring location, thereby the 

mineral materials were transported by glacial meltwater when the stream flooded the 

peatland.  

 

4. Discussion 

4.1 The direct and indirect effect of temperature on ecosystem processes and peat 

accumulation 
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 The OM accumulation rate at the DB shows good correspondence with the 

quantitative summer temperature reconstruction from Fan Lake on a small island, just 

west of the main island of South Georgia (Foster et al., 2016). The Fan Lake is located in 

a different regional topographical configuration from the DB, but the temperature change 

at Fan Lake should reflect regional feature that is related to the position of the Antarctic 

Polar Front. The three temperature maxima at 3500, 2600 and 600 cal yr BP were 

associated with the three OM accumulation maxima at the DB. In particular, the OM 

accumulation rate could be as high as 500 g OM m–2 yr–1 during 3900–3600 cal yr BP. If 

this highest value was converted to carbon accumulation rate using a normal carbon 

content of OM at 50%, a corresponding carbon accumulation rate of 250 gC m–2 yr–1 is 

very high among any peat-forming ecosystems (Gallego-Sala et al., 2018). 

 I propose that temperature exerts both direct and indirect controls on peat 

accumulation rate at the DB. As for the direct effect, increasing temperature would 

lengthen the growing season and enhance plant productivity that could be more than 

accelerating peat decomposition. This mechanism has been well demonstrated from 

global peat accumulation data (Gallego-Sala et al., 2018).  

As for the indirect effect, increasing temperature would decrease the glacier size 

and limit the influx of sediment-laden glacial meltwater that would have disturbed the 

peat-forming ecosystem at the DB. When the OM accumulation rate was higher under a 

warmer climate as seen in the Unit A, botanical composition of peat was dominated by 

brown mosses. The OM accumulation rate was extremely low after the apparent 

lithological change at 2600 cal. yr BP that indicates an abrupt glacier advance and the 

initiation of large influx of glacial sediments to both the lake and bog. This shift seems to 

disrupt the local peat bog habitat, when brown mosses were replaced by monocots. 

Similar replacements of brown mosses also occurred within the Unit A, such as at 3300 

cal yr BP, when magnetic susceptibility data show relatively higher values. These 
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coherent shifts in depositional environments, local peat-forming plants, and peat 

accumulation rate, imply that brown mosses do not favor disturbance such as the 

increased glacial sediments, without which brown mosses could have persisted in a very 

productive peat-forming ecosystem. This hypothesis is further supported by the 

observation that the OM and IOM accumulation rates are negatively correlated on shorter 

timescale since the glacial meltwater started to persistently affect the DB at 2600 cal yr 

BP. 

 

4.2 The role of snow meltwater pulses in maintaining peat accumulation 

 Before 2600 cal yr BP, the glacial meltwater has not yet affected the DB. This 

observation has been argued to reflect a much smaller cirque glacier (Oppedal et al., 

2018). Under such a warmer climate, although the plant productivity was enhanced, the 

ensuing high evaporation demand would have limited the production of brown mosses 

and the preservation of peat due to an overall drier condition. I propose that the snow 

meltwater, in contrast to the glacier meltwater, has maintained such an overall rapid peat 

accumulation of brown mosses. 

This hypothesis is based on the paired cellulose δ13C and δ18O data that indicate 

frequent inundations for the Unit A. The large ranges of cellulose δ13C and δ18O 

variability and their negative correlation throughout the peat core provide direct clues on 

their environmental controlling factors. The extremely low cellulose δ13C value (Markel 

et al., 2010) is not common in bryophytes but could be only explained by the uptake of 

recycled and methane-derived CO2 for photosynthesis or an extremely wet or sub-aquatic 

habitat (Zibulski et al., 2017). These extremely low cellulose δ13C occurred with 

corresponding very low cellulose δ18O that are only possible with a distinct water source 

with very low δ18O. I infer that this water source was snow (winter precipitation) 

meltwater. The coupled cellulose δ13C and δ18O data suggest several intervals of 
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snowmelt inundations that based on the current age-depth model could persist for several 

decades. The snow meltwater wetted peat bogs and played an important role in 

maintaining brown moss habitat and peat accumulation. In addition, one of such 

snowmelt inundations seems to initiate the peat accumulation at this site at 4200 cal. yr 

BP. By contrast, the relatively high cellulose δ13C and δ18O values at 3600–3200 cal. yr 

BP suggest the moisture source for brown mosses is mainly derived from summer 

precipitation. During this interval, without moisture input from snow meltwater, the OM 

accumulation rate decreased from 500 to 100 g OM m–2 yr–1, which was followed by 

another inundation interval with high OM accumulation rate of 200 g OM m–2 yr–1. 

This snow meltwater could be derived from valley slope or within the local basin, 

but not directly from glacial meltwater that should have transported a large volume of 

glacial sediments and disturbed the site. This opposite consequence of snow- and glacier-

derived meltwater could also explain the varying correlation between OM and IOM 

accumulation rates throughout the core. When the site was not affected by glacier 

meltwater, snowmelt water could also transport some paraglacial sediments that did not 

strongly disturb but could moisten the brown moss habitat. Such inundations could be 

formed by an increased snow accumulation in cold season and an increased warm season 

temperature that enhanced the melting of snow. Alternatively, such inundations also 

could be caused by non-climatic factors, such as change in local topography and 

vegetation cover that affected water flows. 

 

4.3 Promoting and limiting factors of “frontier” peat-forming ecosystems 

 It has been well recognized that temperature and moisture balance exert a 

coordinated control on peat accumulation rate, while temperature and plant productivity 

might be more important in enhancing the carbon sink capacity of peatlands in cold 

regions. This knowledge has been gained from global peat core data that were mainly 
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collected from stable Sphagnum-dominated peat bogs in boreal regions (Gallego-Sala et 

al., 2018). This direct temperature effect was also demonstrated at the DB as shown by 

the rapid peat accumulation rate during the Mid Holocene Hypsithermal, during which 

summer temperature was at least 5°C higher than today (Foster et al., 2016). 

 On the other hand, peat accumulation in an unstable and dynamic peat-forming 

environment is highly sensitive to the frequent snow and glacier meltwater inputs. From 

the peat core analysis of the DB, I found that glacier meltwater accompanying with a 

large influx of glacial sediments is an important limiting factor that could disrupt or even 

terminate the peat-forming processes. Whereas the snow meltwater—which is also 

remobilizing some but less paraglacial sediments nearby—could be a promoting factor to 

sustain a rapid peat accumulation from the biomass of non-Sphagnum bryophyte species. 

 Taking the observations from the DB into the general process understanding of 

peatlands, my results suggest that peat initiation, accumulation, and expansion are best 

favored by stable hydrological conditions. This might further explain the 4000-yr delay 

between deglaciation and peatland initiation in North America (Gorham et al., 2007). 

Many of current frontier peat-forming ecosystems are strongly limited by the instability 

brought by the ice sheet- and glacier-derived meltwater. This new conceptual framework 

helps to understand the current and future fate of global carbon sequestration capacity for 

frontier peat-forming ecosystems worldwide. 
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Figure G1. Summary of analysis on peat core DB and comparisons with other regional 

records. (a) The percentage of brown moss macrofossil of peat core DB. The transition 

between the Unit A and Unit B is shown on top axis. (b) Brown moss cellulose δ18O. (c) 

Brown moss cellulose δ13C. (d) The biplot between cellulose δ18O and δ13C. In (b) and (c), 

the gray vertical bars indicate the inferred inundation intervals. In (b)–(d), gray and white 

symbols are data points from Warnstorfia and Sanionia macrofossils, respectively. (e) 

Organic matter (blue) and inorganic matter (brown) accumulation rates of peat core DB 

on log scale. (f) Ti content (green; cps: counts per second) and magnetic susceptibility 

(gray) of peat core DB (Oppedal et al., 2018). (g) Magnetic susceptibility (gray) of core 

collected from Diamond Lake (Oppedal et al., 2018). (h) Mean summer air temperature 

reconstructed from Fan Lake (Foster et al., 2016). The dashed lines between (e) and (h) 

show the possible matches between high organic accumulation rate of peat core DB and 

high regional temperature. 



 

239 

Figure G2. Biplot between inorganic matter and organic matter accumulation rates of 

peat core DB on log scale. The different colors of dots correspond to ages. 
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Appendix H 

 

 

Evidence for a longer but variable growing season length over the last century for peat 

patch Sphagnum on Arctic tundra of the North Slope of Alaska 

 

1. Introduction 

 The Arctic tundra landscape has been seen as a net source of CO2 to the 

atmosphere due to elevated CO2 release during the snow-covered season (Euskirchen et 

al., 2012). On North Slope of Alaska, Sphagnum peat is widespread as individual patches 

on tussock tundra. The recent study by Cleary (2015) indicated that these Sphagnum peat 

patches were not in this landscape until the past century, and the onset of Sphagnum peat 

patches represents an important transformation for tundra landscape. Given that 

Sphagnum mosses are the keystone species in boreal peat-forming ecosystems, 

Sphagnum expansion might turn the extant tundra into peatlands in the future as the 

hotspot of carbon sequestration. The onset and expansion of Sphagnum peat patches are 

likely caused by progressive soil drying as a result of regional climate warming, an active 

layer deepening and an earlier snowmelt, and a longer growing season. 

 

2. Methods 

Based on the previous work by Cleary (2015) who has established the carbon 

accumulation history and the ecological change for several short peat soil cores from the 

North Slope of Alaska, I additionally analyzed Sphagnum cellulose δ13C and δ18O from 

these short cores to provide an overall trend of growing season condition that allows 

persistent Sphagnum peat growth. The cellulose extraction and isotope analysis methods 

followed Chapter 4. 
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 Chronology for these cores were established with multiple 14C dates and age-

depth modeling using CLAM program (Cleary, 2015). However, it is noted that the 

uncertainty in 14C-based chronology is large for establishing proxy time series for the 

recent decades, so additional effort is required to fully account for the range of 

uncertainty of proxy data derived from these peat cores using a Monte Carlo method, but 

it still remains to do. 

 

3. Results and discussion 

The results are summarized in Figure H1. Due to the uncertainty in chronology, I 

mainly discuss the results from UIC13-3 that has the best chronology. The cellulose δ13C 

data show negative shift that seems slightly larger than the Suess effect. The cellulose 

δ18O data show an overall increasing trend of at least 2‰ during the twentieth century 

with an interval of relatively low values around 1970–1980 AD. The highest cellulose 

δ18O values occurred around 2000–2010 AD, but since 2010 AD there is a decreasing 

trend. I argue that Sphagnum cellulose δ18O reflect the growing season length, with 

higher values indicating more snow-free days. If the snow-free condition lasted longer, 

the source water for Sphagnum was predominantly derived from summer precipitation 

with high δ18O values. By contrast, if the snow-free days condition was shorter, snowmelt 

with much lower δ18O values of winter precipitation would be more important source 

water for Sphagnum in that short window of growth. It could explain the decreasing trend 

of cellulose δ18O since 2007 AD as the Toolik Research Station also recorded almost two 

months’ shortening of snow-free days before the sampling campaign in 2014. 

The overall results seem to support that the growing season for Sphagnum has 

lengthened over the past century, but there is also a large natural variability in growing 

season lengths, such as during the recent years when Toolik monitoring data are available 

and suggest a shortening in snow-free days. The growing season length should be 
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determined by both the summer temperature and the thickness of winter snow. The 

regional warming is well documented by weather station data and proxy records that and 

has been invoked to explain the ecosystem state shift in permafrost peatlands in this 

region (Taylor et al., 2019). However, the Sphagnum cellulose δ18O data suggest that 

winter precipitation and snow accumulation also matter to determine the length of 

following growing season, at least for Sphagnum patches. Additional studies are needed 

to determine what controls the length of snow-free days each year on tundra landscape, 

while Sphagnum cellulose δ18O could serve as the potential proxy for the growing season 

length on multidecadal timescale. 
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Figure H1. Summary of Sphagnum cellulose isotope analysis on three peat soil cores, 

UIC13-3 and UIC 13-2 (collected from upper Imnavait Creek), and KRP13-2 (collected 

from the Kuparuk River Peatland). (a) and (c) show the cellulose δ13C and δ18O data, 

respectively. The horizontal error bars are the 95% range of uncertainty of individual 

sample ages based on the original CLAM-based age-depth models (Cleary, 2015). The 

two KRP13-2 data points plotted on the vertical axis were from samples collected from 

the bottom half of that peat core with ages of around 3300–3500 cal yr BP. The scale of 

Suess effect on δ13C of atmospheric CO2 (black curve) is presented in (a) for reference, 
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including the data from ice cores (black line; Rubino et al., 2013) and from modern gas 

measurements from Barrow (now called Utqiagvik), Alaska (gray line; from 

https://scrippsco2.ucsd.edu/data/atmospheric_co2/ptb.html).  (b) The number of snow-

free days during 2007–2014 AD provided by Toolik Field Station Environmental Data 

Center (https://toolik.alaska.edu/edc/journal/annual_summaries.php?summary=snow). 
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Appendix I   

Isotope data for peat core PAT16-AP1 

Data Set I1: Sphagnum cellulose isotope data presented in Chapter 4 and Appendix E 

with Bacon-model age (cal yr BP). 

 

Age δ18O δ13C Age δ18O δ13C Age δ18O δ13C Age δ18O δ13C 

-62 20.7 -25.7 249 20.0 -24.7 1696 21.2 -27.1 3976 21.5 -25.7 

-60 20.9 -24.4 279 21.5 -24.0 1720 22.2 -26.9 4007 21.8 -25.9 

-59 21.1 -24.1 298 21.6 -24.6 1739 21.8 -27.2 4037 22.3 -27.4 

-57 20.8 -24.7 316 21.7 -23.9 1753 22.2 -26.9 4068 21.1 -28.5 

-55 20.4 -24.4 334 21.5 -23.7 1764 21.4 -26.5 4123 22.1 -26.7 

-53 21.2 -24.3 353 21.9 -23.8 1774 21.0 -26.4 4146 22.0 -26.6 

-51 20.9 -23.6 369 21.1 -24.0 1784 21.7 -26.3 4173 22.2 -28.2 

-49 21.2 -23.5 386 21.5 -23.7 1793 20.9 -26.5 4198 21.3 -27.4 

-48 21.1 -23.9 405 22.5 -23.2 1801 21.0 -25.9 4222 21.3 -27.7 

-47 21.3 -24.1 424 22.0 -23.3 1809 20.9 -26.1 4249 20.9 -27.8 

-45 22.0 -23.5 444 21.3 -25.1 1816 20.6 -25.7 4280 22.5 -26.9 

-44 20.2 -24.6 468 22.3 -26.2 1823 20.6 -26.7 4306 21.4 -27.1 

-42 21.1 -24.8 494 22.3 -26.4 1831 21.1 -25.8 4332 21.0 -26.9 

-39 21.4 -24.5 513 21.8 -26.1 1839 20.6 -26.3 4357 21.5 -27.2 

-36 21.3 -24.1 534 21.6 -27.0 1846 21.7 -27.2 4385 20.3 -27.2 

-33 20.6 -24.1 594 21.0 -27.1 1854 21.7 -25.1 4416 21.7 -26.9 

-30 20.6 -24.4 688 21.0 -27.6 1863 23.4 -24.8 4445 22.9 -26.2 

-27 20.8 -24.3 772 21.0 -28.0 1871 22.5 -24.8 4472 21.2 -27.1 

-25 21.1 -24.0 851 20.1 -28.2 1881 21.3 -24.8 4497 20.8 -28.1 

-22 21.5 -24.9 939 21.2 -28.1 2518 22.8 -24.5 4524 21.6 -27.0 

-20 22.0 -24.4 977 22.6 -27.2 3281 n.a. -27.9 4556 21.6 -26.8 

-17 22.0 -25.2 1007 22.5 -23.8 3362 21.8 -28.0 4582 21.0 -26.2 

-10 21.9 -25.1 1037 22.2 -24.3 3416 21.9 -26.7 4608 20.9 -27.0 

0 21.7 -25.5 1065 20.7 -25.8 3444 21.7 -25.7 4636 22.3 -26.6 

10 21.7 -24.5 1098 20.5 -26.1 3475 20.5 -25.9 4663 21.4 -25.6 

20 22.4 -23.9 1146 21.9 -24.0 3511 22.0 -25.2 4691 22.2 -25.4 

30 21.6 -25.1 1208 21.7 -26.2 3541 n.a. -25.5 4846 21.8 -26.4 

44 21.9 -25.6 1266 21.5 -26.4 3567 21.6 -27.8 4872 21.6 -26.1 

62 22.0 -24.5 1317 21.4 -26.2 3592 21.4 -27.8 4899 21.3 -27.1 

80 21.6 -25.4 1371 20.8 -28.1 3619 21.8 -25.7 4927 21.3 -27.5 

93 21.5 -25.2 1408 21.2 -27.1 3646 22.5 -25.3 4954 21.7 -27.1 

106 21.8 -26.1 1448 20.4 -26.5 3674 21.1 -26.1 4981 21.6 -26.4 

117 21.0 -25.0 1488 20.7 -25.8 3699 n.a. -26.2 5009 22.0 -25.1 

130 21.0 -23.9 1530 21.3 -26.2 3727 21.3 -26.3 5036 21.2 -26.3 

144 20.7 -25.0 1565 21.7 -25.9 3755 21.6 -27.8 5062 20.5 -25.5 

160 20.6 -25.6 1582 21.5 -27.1 3812 21.2 -26.7 5090 21.0 -25.9 

173 20.9 -24.9 1600 21.6 -28.1 3835 21.3 -26.8 5329 22.5 -25.5 

186 21.5 -25.0 1617 21.3 -27.7 3864 20.9 -27.7 5352 21.4 -26.5 

198 20.7 -26.5 1633 21.8 -27.0 3896 21.6 -26.0    

213 21.1 -25.4 1652 22.1 -25.8 3923 22.1 -27.0    

232 20.8 -24.8 1673 21.7 -26.1 3950 21.4 -26.8    
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Zhengyu Xia 

Department of Earth and Environmental Sciences, Lehigh University 

1 West Packer Avenue, Bethlehem, PA 18015-3001, USA 

Personal E-mail: zhyxia@hotmail.com 

Website: https://zhx215.github.io 

 

RESEARCH INTERESTS 

▪ Paleoclimatology: linking modern climate, through analyses on observational data 

and through underpinning the atmospheric dynamics, with paleoclimate data, to 

provide a cross-scale understanding on the climate system 

▪ Biogeochemistry: the fundamental mechanisms and processes in terrestrial water, 

carbon, and nutrient cycle through stable isotopes and other lens of geochemical 

measurements to understand the feedbacks and consequences of global change 

 

EDUCATION 

▪ 2015–2020    Ph.D. in Earth and Environmental Sciences, Lehigh University, USA 

▪ 2011–2015    B.S. in Geology, China University of Geosciences, Wuhan, P.R. China 

 

PROFESSIONAL EXPERIENCE 

▪ 2017–2019, 2020    Teaching Assistant, Lehigh University 

1) Teach and lead geoscience lab class EES022 (Exploring Earth) for both classroom 

and online for three semesters 

2) Assist with lab section and grading for EES152 (Ecology), EES357 (Paleoecology 

and Landscape History), and EES386 (Wetland Ecology) 

▪ 2016–2017, 2019    Research Assistant, Lehigh University 

 

PUBLICATIONS 

▪ Peer-reviewed journal articles: 

Xia, Z., and Butorovic, N. The influence of moisture transport pathways on monthly 

oxygen isotope composition of precipitation in southern Patagonia. Journal of 

Geophysical Research: Atmospheres (revision submitted on 03/05/2020) 

Xia, Z., Zheng, Y., Stelling, J. M., Loisel, J., Huang, Y., and Yu, Z. Environmental 

controls on the carbon and water (H and O) isotopes in peatland Sphagnum mosses. 

Geochimica et Cosmochimica Acta (revision submitted on 01/15/2020) 
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Treat, C. C., Kleinen, T., Broothaerts, N., Dalton A. S., Dommain, R., Douglas, T. 

A., Drexler, J., Finkelstein S. A., Grosse, G., Hope, G., Hutchings, J., Jones, M. C., 

Kuhry, P., Lacourse, T., Lähteenoja, O., Loisel, J., Notebaert, B., Payne, R., Peteet, D., 

Sannel A. B. K., Stelling, J. M., Strauss, J., Swindles, G. T., Talbot, J., Tarnocai, C., 

Verstraeten, G., Williams, C. J., Xia, Z., Yu, Z., Väliranta, M., Hättestrand, M., 

Alexanderson, H., and Brovkin, V., 2019. Widespread global peatland establishment and 

persistence over the last 130,000 y. Proceedings of the National Academy of Sciences, 

116(11), 4822–4827. 

Xia, Z., Yu, Z., and Loisel, J., 2018. Centennial-scale dynamics of the Southern 

Hemisphere Westerly Winds across the Drake Passage over the past two millennia. 

Geology, 46(10), 855–858. 

▪ Peer-reviewed book chapters: 

Xia, Z. and Yu, Z. Applications of stable isotopes to studies of paleohydrology and 

Paleoclimatology. Encyclopedia of Water: Science, Technology and Society, Ed. P. A. 

Maurice, Wiley. doi: 10.1002/9781119300762.wsts0042 

 

CONFERENCE ABSTRACTS 

Xia, Z., Zheng, Y., Stelling, J. M., Loisel, J., Huang, Y., and Yu, Z. Environmental 

controls on the carbon and water (H and O) isotopes in peatland Sphagnum mosses. AGU 

Fall Meeting 2019, San Francisco, USA 

Xia, Z. Investigating the influence of moisture sources and trajectories on monthly 

isotopic composition of precipitation using daily weather station data, HYSPLIT 

backward trajectory modeling, and moisture uptake analysis. AGU Fall Meeting 2018, 

Washington D.C., USA  

Xia, Z., Yu, Z., Zheng, Y., Loisel J., and Huang, Y. Late-Holocene hydroclimate and 

atmospheric circulation variability in southern Patagonia: insights from triple stable 

isotopes (δ18O, δ13C, δD) of peat bog Sphagnum moss. AGU Fall Meeting 2017, New 

Orleans, USA 

Treat, C. C., Broothaerts, N., Dalton, A., Dommain, R., Finkelstein, S., Grosse, G., 

Jones, M. C., Kleinen, T., Kuhry, P., Lacourse, T., Lähteenoja, O., Notebaert, B., Payne, 

R., Peteet, D. M., Sannel, B., Stelling, J., Strauss, J., Swindles, G., Talbot, J., Tarnocai, 

C., Verstraeten, G., Williams, C., Xia, Z., Yu, Z., and Brovkin, V. Buried Peats: Past 

Peatland Distribution as an Indicator of Hydroclimate and Temperature. AGU Fall 

Meeting 2016, San Francisco, USA 

Yu, Z., Beilman D., Loisel J., Stelling, J. M., Xia, Z., Parnikoza, I. Solar heating, 

microclimate, and the formation of peat-accumulating ecosystems in Antarctica. XXXIV 

SCAR Open Science Conference (2016), Kuala Lumpur, Malaysia 

Xia, Z., Yu, Z., Loisel, J., and Stelling J. M. A 500-year record of atmospheric 

circulation change in southern Patagonia from dual water isotopes of subfossil Sphagnum 

moss cellulose. VIII Southern Connection Congress (2016), Punta Arenas, Chile 
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ORAL PRESENTATIONS 

 School of Geographical Sciences, Northeast Normal University, Changchun, 

China (2019) 

 PAGES CLIVASH2k Workshop, British Antarctic Survey, Cambridge, UK 

(2018) 

 Paleoclimatology and Paleoceanography section at AGU Fall Meeting, New 

Orleans, USA (2017) 

 

HONORS AND AWARDS 

Lehigh University EES Graduate Symposium Best Talk Winner (2018, 2020) 

Lehigh University Williams-Upton Summer Fellowship (2019) 

The University of Utah SPATIAL short course participant support award (2019) 

Lehigh University College of Arts and Sciences Summer Research Fellowship 

(2018) 

Lehigh University Presidential Fellowship (2015) 

 

FIELD WORK EXPERIENCE 

Toolik Field Station area, Alaska North Slope (2019) 

Antarctic Peninsula Palmer Station area (2018–2019) 

Patagonian peatlands in Chile (2016) 

Peatlands in northeastern and central China (2014) 

Geological field work training in China (2012–2014) 

 

SERVICES 

Reviewer for The Holocene (2), Climate of the Past, Experimental Results 

 

PROFESSIONAL AFFILIATION 

American Geophysical Union (2017–pres.) 


