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Abstract

:

Radiocarbon-dated peat cores collected from an ombrotrophic bog in southern Estonia record shifting environmental conditions and carbon accumulation rates in northern Europe during the late Holocene. Modern observations indicate that the water balance of the peatland is highly influenced by changes in relative humidity, followed by temperature and precipitation. The modern δ18O and δ2H values of surface water suggest that the groundwater is an integration of several months of precipitation. There also appears to be little or no direct influence of surface evaporation on the water within the bog, suggesting that water loss is preferentially through transpiration and sub-surface flow. Bulk peat δ13C values exhibit a trend of higher values through the late Holocene, suggesting a pattern of overall increased surface wetness. The δ15N values were low from ~4130 to 3645 cal yr BP, suggesting drier conditions, followed by intermediate values until ~2995 cal yr BP. The δ15N values decrease again from ~2995 to 2470 cal yr BP, suggesting a return to drier conditions, followed by intermediate values until ~955 cal yr BP. The δ15N values were high, suggesting wetter conditions from ~955 to 250 cal yr BP, followed by intermediate values through the modern. Carbon accumulation rates were low to intermediate from ~4200 to 2470 cal yr BP, followed by intermediate-to-high values until ~1645 cal yr BP. Carbon accumulation rates were then low until ~585 cal yr BP, followed by intermediate values through the modern. The geochemical data, combined with observed changes in peat composition and regional proxies of temperature and water table fluctuations through the late Holocene, suggest that carbon accumulation rates were relatively low under dry and warm conditions, whereas accumulation was generally higher (up to ~80 g C m−2 yr−1) when the climate was wetter and/or colder. These findings further suggest that future environmental changes affecting the regional water balance and temperature will impact the potential for northern peatlands to capture and store carbon.
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1. Introduction


Peatlands are an integral part of the global carbon cycle, and they are sensitive to changing environmental conditions. High northern latitude peatlands cover approximately 4 million km2 and store up to 550 Pg (1 Pg = 1015 g) of carbon [1,2,3], equivalent to almost one-third of the world’s soil carbon [4], and more than half of today’s atmospheric CO2 [5]. Nevertheless, it is unclear how this internationally important carbon reservoir responds to specific climate forcings and how these responses will drive ecosystem-climate feedbacks [6,7,8,9]. Previous studies highlight the impacts of climate change on peatland carbon dynamics at a large scale [10]; however, the local- and regional-scale responses of peatland hydrology and carbon accumulation to environmental changes need to be better evaluated to improve dynamic modeling of peat accumulation through time [11].



The ecological and biological characteristics of peatlands are largely governed by hydrological conditions. For example, the trophic status of a peatland is classified principally on hydrologic regime, and the height of the water table is the primary delineating factor separating physical and chemical processes in these systems [12]; the depth of the water table separates the acrotelm with oxic conditions (above) from the catotelm with anoxic conditions (below). Recent studies suggest that there is an intermediate zone, the mesotelm [13], where the fluctuating water table causes variations in redox conditions that likely increase carbon turn over [14]. As such, any process that affects water table conditions has the potential to drive environmental responses in these highly sensitive ecosystems. In ombrotrophic systems, these processes should be dominated by changes in humidity, temperature, precipitation amounts, and residence times of water flowing through peat. The oxygen isotopic composition of precipitation (δ18Op) of Estonian surface water tracks these environmental changes [15,16,17,18,19], and in turn, provides insight into the modern hydrologic processes operating in bog systems. From a paleo-perspective, carbon and nitrogen isotopes (δ13C and δ15N) serve as proxies of surface wetness [15] and connectedness to the water table [16].



Ultimately, the carbon balance of peatlands is related to productivity, respiration, and decomposition. Whether a peatland will be a source or a sink of greenhouse gases is also closely related to the hydrologic dynamics described above because the position of the water table determines the boundary between aerobic and anaerobic microbial respiration. Both biotic production and peat decomposition rates in peatlands are controlled largely by water availability and temperature [1]. Most newly formed biomass is subsequently decomposed by aerobic decay and then respired. As plant litter transitions into the anaerobic catotelm, some is decomposed to CO2 and CH4, while the rest is disconnected from atmospheric exchanges and stored as peat. Much of the CO2 and CH4 is lost at the surface through diffusion, bubbling, or stem and root aerenchyma [12]. Therefore, depending on hydrologic conditions, peatlands serve as both sinks and sources of CO2 and CH4 [3,17], and the fate of the stored fraction of this carbon has important consequences for global climate feedbacks [10,18,19,20].



Here, we present a ~4200-year-old stable isotope (δ13C, δ15N) and carbon accumulation record from Teringi Bog, an ombrotrophic system in southern Estonia, to reconstruct the timing, magnitude, and direction of centennial- to millennial-scale shifts in hydroclimate and carbon accumulation rates during the late Holocene. Located in the Baltic region, it is sensitive to North Atlantic-driven ocean-atmospheric processes, and therefore also has the potential to provide a local perspective of hydroclimate variability in response to regional circulation dynamics. We compare these new records to insolation [21] and regional proxy data of water table, temperature and precipitation changes to improve the paleo-perspective of climate and carbon dynamics from continental northern Europe.




2. Study Site


Teringi Bog (57°58′33″ N, 25°33′30″ E) is a rainfall-dominated peatland system in southern Estonia (Figure 1), which is located in the boreo-nemoral vegetation zone [22]. The region was ice covered during the latest Pleistocene as part of the Scandinavian glaciation, and it has remained ice free for the last ~14,000 years BP [23]. Teringi, like most peatlands in southern Estonia, sits atop remnant glacial till and sands, although the raised bog conditions have separated most of it from the mineral sediments beneath.



The biodiversity at Teringi is similar to other peatlands in southern Estonia [24,25]. In brief summary, the bog is surrounded by mixed forests of Picea (spruce), Betula (birch) and Pinus (pine), as well as cultivated land and meadows. Within the bog, Pinus is the most common tree species, followed by Betula pubescens and Betula nana on the edges (Figure 2). The Pinus forms vary by shape and size based on connectedness to underlying mineral soils and peat thickness. These pines include f. litwinowii as the most common throughout the bog, followed by f. uliginosa in the areas with more mineral-rich soils, f. wilkommi in areas of thicker peat, and f. pumila in areas of nutrient-poor conditions and thick moss. There are several species of Salix, Sorbus and Populus on the edges of the bog, while Picea, Frangula alnus and Juniperus are less common. The dwarf shrub layer in the bog contains common peatland plants: Caluna vulgaris, Ledum palustre, Andromeda polifolia, Chamaedaphne calyculata and Vaccinium uliginosum. The grass and herb layer consists of Eriophorum vaginatum, Trichophorum cespitosum, Rhynchospora alba, Rubus chamaemorus and Drosera spp. The moss layer contains mostly Polytrichum strictum.



The undecomposed top layer of peat at Teringi is entirely dominated by Sphagnum sect. Acutifolia (e.g., Sphagnum fuscum) and sect. Cuspidata (e.g., Sphagnum angustifolium), which are distributed in relation to the microtopography of the bog. Species comprising the Sphagnum sect. Acutifolia live in hummocks, several centimeters above the water table; species of sect. Cuspidata live much closer to the water surface in lawns or hollows.



Estonia has a temperate climate that is transitional between oceanic and continental, with changes in North Atlantic Ocean-driven circulation dynamics affecting the environmental conditions of the region [26,27]. Stronger westerly zonal winds deliver warmer ocean air to the interior, causing warmer temperatures, while weaker circulation causes colder conditions [28]. The majority of moisture is sourced from the Atlantic Ocean while the Mediterranean Sea and Black Sea provide small secondary sources [29]. The Baltic Sea plays a negligible role in the development of precipitation [30]. Average annual precipitation amounts at Teringi (measured at Valga) are ~685 mm. Average January temperature at Teringi is ~ −5.5 °C while July is ~17.3 °C (Figure 3).




3. Materials and Methods


3.1. Modern Hydrology


A water level and temperature logger (Solinst 3001 LT Levelogger Junior) was installed in summer 2014 to monitor hydrological changes, and measurements were collected every hour from 14 August 2014 to 1 July 2021 (Figure 4). The well housing for the logger was constructed of PVC pipe approximately 6 cm in diameter and 1.1 m in length. The bottom ~40 cm of the well contained mesh-covered holes, to allow for equilibration with groundwater and to prevent clogging of the PVC pipe by surrounding peat. The pressure logger was positioned at ~80 cm depth in the well and both ends of the well were capped. In order to determine changes in peatland water-table depth, the pressure data from the logger was corrected using atmospheric pressure data collected from a barometric logger placed ~2 m above ground at a location ~15 km north of the peatlands (Karksi, Estonia, see Figure 1A).



A remote, automated weather station (HOBO U30-NRC and various sensors) was established near the peatland site (also at Karksi, Estonia) in May, 2015 in order to record weather variables including precipitation (tipping bucket), relative humidity (RH) and temperature. Sensors scanned every 1 min and logged every 1 h (Figure 4).




3.2. Modern Water Sampling


A total of 148 event-based rainfall, lake, wetland, and river samples for δ18O and δ2H analysis were collected in air-tight 15 mL vials, with no headspace, and analyzed as part of a multi-year monitoring effort [31]. A total of 26 surface-water and well-water samples were collected across a west–east surface transect through Teringi during the summers of 2014, 2015 and 2016 (Figure 5). An additional 6 surface-water and well-water samples were collected during December, 2014. All Estonia water isotope samples were measured for δ18O and δ2H ratios using a Piccaro water isotope analyzer in the Stable Isotope Laboratory at the University of Alaska Anchorage. All water samples were screened to verify that organic content was low and not a source of absorption interference spectra [32]. Each sample was then analyzed six times and reanalyzed if the standard deviation of the six replicates was greater than 0.3‰ for δ18O and/or 3‰ for δ2H, or if the internal standard for the run differed from the accepted value by greater than ±0.2‰ or 2‰, for δ18O and δ2H, respectively. All isotope results are reported in delta notation (δ) relative to standards according to the equation δ [‰] = (Rsample − Rstandard /Rstandard) ∗ 1000‰ [33].




3.3. Core Sample Collection


A peat record that was 528 cm in length was collected from the center of Teringi Bog (57°58′33.56″ N, 25°33′30.90″ E) by extracting continuous 50 cm sections from the same location using a Russian peat corer. The corer was unable to penetrate through any material below 528 cm. Cores were extruded in the field into split PVC tubes and wrapped in plastic. The uppermost ~50 cm of peat were collected separately by hand as a monolith, wrapped in plastic and stored in PVC tubing. All peat samples were kept in refrigerated storage after collection.




3.4. Chronology


Age control for the composite peat record was established using accelerator mass spectrometry (AMS) 14C analysis of discrete peat (Sphagnum) stem material (Table 1). The 14C samples were pretreated at Northern Illinois University using standard acid-base-acid wash techniques and processed and measured at the W.M. Keck Carbon Cycle AMS Laboratory at the University of California, Irvine. The 14C ages were calibrated using the IntCal20 calibration curve [34]. An age-depth model was created using a cubic spline interpolator with Bayesian statistical methods [35], and the peat core time-series data presented are based on the weighted mean ages modeled using Bacon software in R (Figure 6).




3.5. Species Identification


The core was sampled every 10 cm for species identification, and bulk Sphagnum sp. remains were placed in a small Petri dish and submerged in distilled water. Approximately 20 to 50 leaves were mounted on glass microscope slides, and individual species were determined by leaf morphology and placement of pores in the leaf structure under 40×–100× magnification following established methods [36] (Figure 7).




3.6. Carbon and Nitrogen Concentrations and Stable Isotopes


A total of 53 samples were collected down-core from sections 1 cm in thickness. Samples that contained both stems and branches were collected consistently down-core following standard methods [37]. The samples were dried overnight at 70 °C in a drying oven and homogenized using a combination of mortar and pestle and razor blade. The dried and homogenized material was weighed (approximately 3 mg for N and 0.3 mg for C) and loaded into tin capsules. Isotopic analyses and total carbon and nitrogen concentrations were conducted at the Stable Isotope Laboratory at the Environmental and Natural Resources Institute at University of Alaska Anchorage. Carbon (δ13C) and nitrogen (δ15N) isotope values, as well as C and N concentrations were measured using a coupled Costech Instruments elemental analyzer and ThermoFinnigan Electron Delta Plus XP continuous flow isotope ratio mass spectrometer (IRMS). All isotope values were calibrated with internal standards. Analytical precision was 0.08‰ for carbon and 0.1‰ for nitrogen.



Bulk density and loss on ignition (LOI) was also measured on 1 cm3 samples collected every 4 cm down-core at 550 °C to estimate the percent organic matter [38,39,40]. Organic carbon content was determined by multiplying the amount of organic matter by 0.423, the typical value used for Sphagnum-dominated systems [41]. Flux of organic carbon was determined for both the IRMS and LOI data by multiplying the percent of organic carbon of dry bulk density (g/cm3) by the accumulation rate (cm/yr) (Figure 8 and Figure 9).



Time-series analyses were performed on all environmental datasets. Significant regime shifts in all time-series data were identified using Sequential Regime Shift Detection software (v. 6.2) [42], with a 95% confidence level, a cutoff length of 5, and a Huber’s tuning constant of 1 (Figure 8 and Figure 9). A Principal Component Analysis (PCA) of the sedimentological, stable isotope (δ13C and δ15N) and bulk geochemical data was done using the R FactoMineR package [43], after scaling the data by variance (Figure 10). The PCA also includes late Holocene temperature data from Fennoscandia [44] and water table data from Männikjärve Bog in Estonia [45].





4. Results


4.1. Weather Station Data


Weather station data reveal variations consistent with seasonal changes (Figure 4). The seasonal patterns, as well as the maximum and minimum values of the air temperature data from the automated weather station at Karksi are similar to the 30 year averages of reprocessed data for the region (Figure 3). Temperatures are highest from late May through September, peaking in late July and early August. The coldest temperatures are from January through March. Precipitation events occur throughout the year, with generally wetter conditions in late summer and fall. The measured precipitation values in winter are well below the 30 year averages from Valga, but this is likely because the battery powered weather station at Karksi is incapable of recording accurate winter precipitation amounts. Relative humidity values are highest in late fall through winter, lowest in spring, and intermediate through summer.



Peatland water temperatures varied seasonally, and as expected, the magnitude of changes was lower than that of air temperatures (Figure 4). The highest water temperatures are generally from June through September, peaking in late July and early August. The coldest temperatures are generally from January to April. There is an apparent abrupt increase in temperature at the bog during the spring melt season and this lag relative to changes in air temperature might be exaggerated as the ice covered datalogger probably records the onset of thawed conditions. The water-level data revealed sharp drawdowns of water levels from May through September of most years. Water levels generally remain low during the early-to-mid summer months, followed by fluctuating but relatively high values through late summer, fall, winter and early spring.




4.2. Surface Water and Precipitation Stable Isotopes


Surface water and precipitation isotope values vary seasonally and by location (Figure 5). Cold season (November–April) precipitation and surface water samples have relatively low δ18O values, generally in the range of ~−23 to −9‰ VSMOW, while warm season (May–October) values are higher (~−10 to 0‰ VSMOW). For comparison, the Teringi Bog, river, and other open-basin lakes all plot near the global meteoric water line (GMWL) with little to no influence of evaporation. The bog samples collected between May and August from both the well and surface water generally range from ~−10.5‰ to −9.1‰ VSMOW. Surface water samples collected across the bog in December range from ~−18.9‰ to −9.0‰ VSMOW while the well water at the coring site was ~−9.5‰ VSMOW.




4.3. Chronology


The initial 14C, calibrated, and Bayesian age-depth model results are presented in Table 1 and Figure 6. The record spans the last ~4200 years with no hiatuses. The youngest sample (140 14C BP) ranged from ~60 to 120 cal yr BP with a median probability of 110 cal yr BP, and a weighted mean modeled age of 270 cal yr BP. The other 5 samples have median probability values that are within the >90% probability distributions and the weighted mean modeled ages are within the 2-sigma calibrated age ranges.




4.4. Species Identification


Acutifolia was the primary Sphagnum section throughout the core (Figure 7 and Table 2), and the dominant species were S. fuscum and S. capillifolium [46]. S. fuscum, S. capillifolium and S. angustifolium make up the bulk of the record from ~4200 to 3960 cal yr BP. S. fuscum, S. capillifolium and S. medium are dominant from ~3960 to 2920 cal yr BP, followed by S. fuscum, S. capillifolium and S. russowii from ~2920 to 1700 cal yr BP, and then S. fuscum, S. capillifolium and S. angustifolium from ~1700 to 1130 cal yr BP. S. fuscum and S. capillifolium are dominant from ~1130 to 960 cal yr BP, followed by S. fuscum and S. rubellum from ~960 to 700 cal yr BP. From 700 cal yr BP to the modern, species are much more diverse and include S. fuscum and S. capillifolium, S. rubellum, S. balticum, S. fallax, and S. pulchrum.




4.5. Peat Stable Isotope Records


The δ13C values range from ~−27.8‰ to −24.5 ‰ (VPDB), which is typical of C3 forming peat plants [47]. The δ13C values were intermediate from ~4130 to 2130 cal yr BP, followed by lower values until ~1810 cal yr BP and a return to intermediate values through the modern. The δ13C values show an overall increasing trend from the beginning of the late Holocene to the present.



The δ15N values ranged from ~−6.6‰ to 1‰ (versus air), with most values varying between ~−4‰ to 0‰ (Figure 8 and Figure 9). The δ15N values were low from ~4130 to 3645 cal yr BP, followed by intermediate values until ~2995 cal yr BP, and a shift to lower values until ~2470 cal yr BP. The δ15N values were then intermediate until ~955 cal yr BP, followed by higher values until ~250 cal yr BP, and then a return to intermediate levels through the modern. The lowest δ15N value was in the upper-most (2 cm) sample of the core.




4.6. Carbon, Nitrogen and Carbon Accumulation Rates


The bulk density values were intermediate from ~4200 to 3350 cal yr BP, followed by lower values until ~1860 cal yr BP, and then a return to high values until ~1790 cal yr BP. Values then decreased until ~1675 cal yr BP, followed by high values until ~1500 cal yr BP, and a return to lower values until ~1295 cal yr BP. Values were then intermediate until ~585 cal yr BP, followed by a shift to higher values until ~340 cal yr BP. Bulk density returned to intermediate values through the modern.



The mass ratios of C and N (C:N) were low from ~4130 to 3170 cal yr BP, followed by higher values until ~1630 cal yr BP and a return to low values through the modern. The %C values were intermediate from ~4130 to 1630 cal yr BP, followed by a slight increase until ~170 cal yr BP and then a shift to lower values through the modern. The %N values were intermediate from ~4130 to 3840 cal yr BP, followed by higher values until ~3170 cal yr BP. There was then a return to lower % N values until ~1630 cal yr BP, followed by intermediate values through the modern.



The carbon accumulation (flux) rates for the LOI and IRMS methods produced similar results. The percentage of organic matter in all the LOI samples was >97%, and we thus assume that any mineral sediments are negligible. The carbon accumulation rates were low from ~4200 to 2470 cal yr BP, followed by intermediate-to-high values until ~1645 cal yr BP. Carbon accumulation rates were then lower until ~585 cal yr BP, followed by a return to intermediate values through the modern.




4.7. Principal Component Analysis


The results of the PCA (Table 3 and Figure 10) highlight varying associations between past changes in water table depth, temperature and proxies for environmental changes at Teringi Bog. For example, the %N and C:N data correlate strongly with PC1 as shown with high positive (0.94) and negative loadings (−0.92). The %C values have only a 0.46 loading with PC1 and do not correlate strongly with either PC2 or PC3. Organic carbon flux, peat accumulation rates and bulk density correlate with PC2 with loadings of 0.88, 0.66 and 0.65. Water table depths also have a moderately strong correlation with PC2 with a loading of −0.62. July temperatures, peat accumulation rates and õ13C correlate with PC3 with loadings of 0.50, 0.45 and −0.69. The õ15N values weakly correlate with PC1, PC2 and PC3 with loadings of 0.56, 0.44 and -0.53.





5. Discussion


5.1. Surface Water Source and Seasonality


The δ18Op of mid-to-high latitude rainfall is primarily controlled by air mass distillation and atmospheric temperature [48,49]. This results in a positive correlation between winter δ18Op and temperature in Europe [50]. Additionally, Punning et al. [30] identified a temperature gradient of isotopic composition of δ18Osurfacewater of 0.32‰/°C for Estonia. Moreover, there is a strong negative correlation between winter (December–March) precipitation amount and δ18Op [50], indicating that seasonality is a dominant driver of δ18Op variability recorded in Estonian surface waters. Variations in snow pack thickness [51,52] should be negligible for precipitation-fed systems like Teringi that lack other water sources [53]. Most of the surface water δ18O values for samples collected from Teringi vary only by ~2‰ throughout the year (from −11 to −9‰), which are intermediate between warm and cold season precipitation values recorded at the nearby Tartu GNIP station (Figure 3). This suggests that the bog water is an integration of several months of precipitation and that the residence time of water in the bog is probably at least several months to years. There appears to be little or no direct influence of surface evaporation on the water within the bog, suggesting that water loss is preferentially through transpiration and sub-surface flow.



The local weather station and water-logger data suggest that the timing of water level fluctuations corresponds most closely to changes in RH, followed by temperature and rainfall changes (Figure 4). For example, the water-logger data revealed sharp drawdowns of water levels from May through September of most years when RH values were low to intermediate. Water levels generally remained low during the early-to-mid summer months when temperatures were high and there were fewer rainfall events. Water levels then fluctuated but remained relatively high through late summer, fall, winter and early spring. These modern observations of environmental conditions suggest that changes in either hydroclimate or temperatures had the potential to impact the carbon dynamics and greenhouse gas exchanges at Teringi during the late Holocene.




5.2. Changes in Sphagnum


Species of Sphagnum shift under changing environmental conditions. For example, S. fuscum and S. capillifolium tend to be more productive under stressful conditions [54], and S. rubellum are more productive at higher temperatures [55]. Hummock species like S. fuscum and S. medium are generally more resistant to drought than lawn or hollow species like S. balticum and S. russowi that typically represent wetter periods [45,56,57]. Lab experiments indicate that S. rubellum is generally unaffected by modest water table changes [55]. S. angustifolium is better than species like S. fallax at growing under drier and warmer conditions [58].



We therefore broadly interpret wetter intervals as times when S. balticum and/or S. russowi increase, warmer and/or drier intervals when S. medium, S. angustifolium and/or S. rubellum have higher proportions, and intermediate conditions when S. fuscum and/or S. capillifolium dominate. It should be noted that the typical time needed for hollow species to replace hummocks in Estonia is ~180 years, and 320 years are required for hummock species to replace hollows [45]. Acknowledging that there is a lag in the plant response time that has not been accounted for here, the composition of the core suggests that the climate was overall warm and dry from ~4200 to 3960 cal yr BP, followed by intermediate-to-dry conditions until ~2920 cal yr BP. Conditions were generally wetter from ~2920 to 1700 cal yr BP, followed by a shift to somewhat warmer and drier conditions until ~1130 cal yr BP. The climate conditions were milder from ~1130 to 960 cal yr BP, followed by higher temperatures until ~700 cal yr BP. The remaining section of the core with abundant species variations through the modern likely represents overall wetter conditions and intermediate-to-cold temperatures.




5.3. Carbon and Nitrogen Isotopes


Carbon isotopes in peatland systems are affected by multiple environmental processes, but in certain conditions they can be an additional indicator of bog surface wetness [15]. Sphagnum mosses lack guard cells surrounding their stomata, so they cannot regulate their uptake of atmospheric CO2, and the δ13C value reflects the relative wetness or dryness of the plant’s environment. The CO2 enters the Sphagnum leaf through the stomata into the large and dead hyaline cells, and it must then pass through a membrane between the hyaline and photosynthetic cells before it can be utilized for photosynthesis [59]. When the hyaline cells are filled with air, CO2 can more easily diffuse through the membrane, allowing the plant to preferentially uptake the lighter isotope, which leads to lower δ13C values. When the hyaline cells are filled with water, diffusion is more difficult, and the plant cannot discriminate against the heavy isotope as easily, leading to higher δ13C values. For Sphagnum mosses, once the CO2 enters the photosynthetic cells, the process of fixing CO2 into usable compounds produces a fractionation of approximately −26.5‰ [59,60]



In ombrotrophic bogs, Sphagnum takes in nitrogen directly from the atmosphere and water [16], and measurements of nitrogen isotopes (δ15N) on peat have the potential to identify changes in past hydroclimate conditions. Hummock species are more influenced by rainwater/surface bog water than deeper bog water, and rain water has lower δ15N values than bog water. Therefore, hummock species should have lower δ15N values than hollow species [16,61,62]. During drier conditions, a lower water table will cause the plant to utilize more rain water, decreasing the δ15N values [16].



The δ13C and δ15N values from the Teringi record provide complementing perspectives of likely shifts in hydrologic conditions during the late Holocene. The δ13C values taken from bulk peat at Teringi show a slight step-wise increase through time, suggesting that conditions have become increasingly wetter. The δ15N values in the core are all generally within range (−4‰ to 0‰) of typical Sphagnum mosses [16] and are more variable than the δ13C values. The δ15N values were low from ~4130 to 3645 cal yr BP, suggesting drier conditions, followed by intermediate values until ~2995 cal yr BP. There was another shift to likely drier conditions from ~2995 to ~2470 cal yr BP. The δ15N values suggest intermediate hydroclimate conditions until ~955 cal yr BP, followed by wetter conditions until ~250 cal yr BP, and then values were intermediate again through the modern. Here, again, the actual response time for plant species to climate forcing is uncertain, but any shifts in δ15N values probably lag any hydroclimate forcing by at least 2 centuries [45]. The results of the PCA also indicate that while there is a moderately strong relationship between water table fluctuations in Estonia and δ13C and δ15N values at Teringi, multiple environmental variables likely also drove variations in these peatland systems through time (Figure 10 and Table 3). Likewise, the lack of correlation between %C and %N with the available proxies for temperature and wetness suggests that these systems within the bog respond to complex interactions of multiple environmental variables.




5.4. Carbon Accumulation Rates and Hydrologic Conditions


Generally speaking, carbon accumulation rates for peatland systems vary largely as a function of bulk density and age-model calculations [41]. For Teringi, there are multiple possible calibrated ages for the uppermost radiocarbon sample; however, recalculating flux based on the maximum and minimum possible values (Table 1) resulted in no significant differences in the timing of shifts in the carbon accumulation record compared to the weighted mean modeled ages. Humification of peat (process of decomposing litter into humic substances) can also lead to higher bulk density and carbon flux rates; however, the C:N values in the Teringi core exhibit only slight shifts through time, suggesting that there were no prolonged periods of organic matter decay during the late Holocene [63].



Bulk density is generally higher in sections of the Teringi core where S. fuscum is more dominant and lower in sections where the composition is more diverse. Compared to most of the core, the bulk density values are high from ~1860 to 1790 cal yr BP, from ~1670 to 1500 cal yr BP, and again from ~585 to 340 cal yr BP. The bulk density values are lowest from ~3350 to 1860 cal yr BP, low from ~1790 to 1675 cal yr BP, and low again from ~1500 to 1295 cal yr BP. Otherwise, the remaining sections of core had intermediate values. Hummock species become more dominant under drier conditions while hollow species are more common when it is wetter [45], and hummock species have higher growth rates than hollow species [64]. Combined with the δ15N and C:N data, these observations suggest that bulk density values in the Teringi Bog record are probably controlled more by changes in the species that are present than by decomposition. The results of the PCA suggest that bulk density and carbon accumulation values are generally low in sections of the core that represent dry periods and high during wetter periods while temperature played only a limited role (Figure 10).




5.5. Climate Dynamics during the Late Holocene (4200 Cal Yr BP to Present)


Broad-scale patterns of shifting mean-state climate conditions during the late Holocene in Estonia can be inferred from the Teringi Bog core data combined with marine and terrestrial paleoclimate records. The onset of Neoglaciation and declining Northern Hemisphere high-latitude summer insolation [65] likely led to an overall colder climate (Figure 9). Pollen records from Lakes Raigastvere in Estonia [66] and Tsoulbmajavri in Finland [44] indeed indicate a trend toward colder conditions in the northern Baltic region during the late Holocene. Lake sediment stable isotope records suggest that precipitation patterns and circulation dynamics were variable, but that there was also a trend of overall wetter conditions through the late Holocene [31,53]. Thus, the overall trend of higher δ13C values recorded at Teringi Bog suggests that a wetter climate seems to coincide with a broader pattern of colder and wetter conditions in the Baltic region.



The basal radiocarbon age from Teringi (~4200 cal yr BP) is notable when compared to the timing and pattern of Holocene Northern Hemisphere climate change. The start of the late Holocene is defined as ~4200 cal yr BP [67] when there was a major shift in circulation dynamics and hydrologic balance across northern Europe at the onset of Neoglaciation and declining Northern Hemisphere high-latitude summer insolation [68]. It is unclear what lies below ~530 cm depth at Teringi Bog, as the material below was impenetrable. This same impenetrable layer was present in a transect across the bog [46]. Interestingly, Männikjärve Bog in northeast Estonia has a basal radiocarbon age of ~4360 cal yr BP that similarly marks the initiation of ombrotrophic conditions [45]. We therefore suggest that the environmental conditions became conducive for Sphagnum growth in the center of both bogs sometime before ~4200 cal yr BP, possibly as a result of wetter and cooler conditions in the region compared to the middle Holocene, and that these conditions remained relatively cool and wet through the late Holocene.



Multi-centennial- to centennial-scale periods of hydroclimate variability in northern Europe likely affected peatland carbon dynamics. For example, changes in water table depth based on testate amoebae from Männikjärve Bog identify drier conditions in Estonia while carbon accumulation rates were low at Teringi Bog from ~4200 to 2470 cal yr BP (Figure 9). Carbon accumulation rates were then generally the highest at Teringi Bog (up to ~80 g C m−2 yr−1) from ~2470 to 1645 cal yr BP when the bulk of the proxy records suggest that it was wet and temperatures were intermediate. These carbon accumulation values are relatively high compared to much of Europe [41], and while it is presently unclear exactly why these values are higher, it might be because Sphagnum dominates throughout the core and it is remarkably well-preserved. The Teringi δ13C and δ15N data, combined with other paleoclimate records from the region [69,70,71,72,73], suggest that hydroclimate conditions were likely intermediate to dry for several centuries prior to, and including the Medieval Climate Anomaly (MCA; ~1000 to 700 cal yr BP), compared to earlier in the late Holocene (Figure 9). Similarly, carbon accumulation rates also appear to be low at Teringi from ~1645 to ~585 cal yr BP. The Little Ice Age (LIA) in northern Europe that followed is defined as a relatively cold period from ~450 to 100 cal yr BP [74]. During the LIA, there was a shift to intermediate carbon accumulation rates compared to several centuries prior in the Teringi record that continued through present day (Figure 9). This suggests that colder and wetter LIA conditions were generally favorable for peat growth and carbon accumulation.




5.6. Future Implications


Future shifts in hydroclimate, water table dynamics, and/or temperature will impact the potential for Teringi Bog and other regional peatlands to capture and store carbon. The Baltic region will likely receive more precipitation and become 4–5 °C warmer during the next century [75,76,77,78,79]. However, there is a high degree of uncertainty in future model projections: down-scaled regional climate models (RCMs) forecast either no substantial change, or up to a ~20% increase in precipitation for the Baltic States [80,81,82]. The uncertainties of these models stem largely from a lack of climate reconstructions extending beyond the instrumental period [83], and the current model ensembles simply do not accurately represent the full range of precipitation variability that exists across the Baltic States [84]. In a range of RCM simulations, the rate of evapotranspiration in regions south of the Baltic Sea will likely increase in the future [85], which should lead to overall drier conditions. Likewise, a range of long-term climate projections indicate that the Baltic region will likely experience a decrease in relative humidity as temperatures increase, even if there is an increase in precipitation amounts [86]. It is also possible that human impacts and changes in biodiversity might outpace any climatic influences, which could significantly alter the carbon dynamics of Baltic peatlands. Nevertheless, periods of the late Holocene when there were warmer and drier conditions, combined with lower carbon accumulation rates, might serve as analogues for future environmental conditions in Estonian peatlands.





6. Conclusions


The water balance and past carbon dynamics of Teringi Bog appear to be driven mostly by variations in humidity and precipitation followed by temperature changes. Analyses of stable isotopes (δ13C and δ15N) measured on peat cores taken from the bog, combined with multiple proxy records from the region, suggest that there was a trend toward wetter conditions in Estonia during the late Holocene. Carbon accumulation rates were low from ~4200 to 2470 cal yr BP when it was generally warm and dry. Carbon accumulation rates were then higher at Teringi Bog from ~2470 to 1645 cal yr BP when conditions were wetter and temperatures were intermediate. Several centuries leading up to and including the MCA had overall low carbon accumulation rates. The LIA was also a period of increased carbon accumulation when it was colder, suggesting that evaporation rates and/or decomposition was lower during that interval. At present, it is unclear if ombrotrophic peatlands will become sinks or sources of carbon emissions in the coming decades, and more detailed local-scale studies are needed in order to understand the fate of greenhouse gases in northern European wetlands. Nevertheless, the results presented here suggest that decreased precipitation amounts, lower relative humidity and/or higher temperatures will likely lead to a negative carbon balance for Teringi Bog.
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Figure 1. Location map of the study site panels (A) and orthophoto of Teringi Bog panels (B). The yellow star indicates the sampling well and coring location (57°58′33.56″ N, 25°33′30.90″ E). 
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Figure 2. Typical vegetation at Teringi Bog and the surrounding margins. Panel (A) represents the boundary between the open bog and forest. Panels (B–D) are at the coring location in the center of the bog (see Figure 1). Panel (E) represents trees growing near the center of the bog. Panel (F) is the forest on the western edge of Teringi. 
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Figure 3. Panel (A): Estonia Global Network of Isotopes in Precipitation (GNIP) precipitation-weighted δ18Op data for Tartu shown with average monthly values for 2014 through 2018, with the annual mean shown with a gray solid line. Panel (B): Monthly precipitation and temperature values at Valga, Estonia for the period spanning 1945 to 2020 (Estonian Weather Service). 






Figure 3. Panel (A): Estonia Global Network of Isotopes in Precipitation (GNIP) precipitation-weighted δ18Op data for Tartu shown with average monthly values for 2014 through 2018, with the annual mean shown with a gray solid line. Panel (B): Monthly precipitation and temperature values at Valga, Estonia for the period spanning 1945 to 2020 (Estonian Weather Service).
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Figure 4. Automatic weather station from Karksi, Estonia (B,D,E) and levelogger data from Teringi Bog (A,C). The peat water temperature and water level were measured continuously from August, 2014 to July, 2021. The continuous automatic weather station measurements are from May 2015 to July 2021. 
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Figure 5. Modern water isotopes from Estonia plotted versus the global meteoric water line (GMWL). The Teringi Bog surface and well water samples plot near the GMWL, reflecting the isotopic composition of source precipitation and the water is a mix of both warm and cold season precipitation. Cold season precipitation samples have relatively low δ18O and δ2H values, while warm season values are higher. The regional evaporation line (REL), determined from closed-basin lakes in the area, is shown for comparison and plots well below the Teringi Bog surface and well water samples. 
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Figure 6. Age-depth model for Teringi Bog calculated with Bacon. The horizontal bars and grey lines represent the modeled calibration range of each 14C sample (see Table 1). 
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Figure 7. Sample leaf morphologies used for modern species identification (Hill, 2016). The top left panel is S. fuscum, top middle is S. capillifolium, top right is S. rubellum, bottom left is likely S. balticum, bottom middle is S. fallax and bottom right is S. pulchrum. 
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Figure 8. Peat core data. Solid black lines represent the mean values computed by regime-shift analysis. 
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Figure 9. Teringi Bog data plotted versus regional paleoclimate records mentioned in text. Summer insolation (A) [21] decreased through the late Holocene as there was an overall trend to lower temperatures recorded in lake sediment records (B) [44]. Fluctuations in water table depth recorded at Männikjärve Bog in Estonia (C) [45] generally correspond to changes in hydroclimate recorded in the carbon (D) and nitrogen (E) isotope records from Teringi Bog. Note the inverted vertical axes for δ13C and δ15N. The carbon accumulation rates at Teringi Bog (F) were generally higher under wetter conditions during the late Holocene. 
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Figure 10. PCA of Teringi Bog core data and regional paleoclimate records of water table fluctuations [45] and July temperatures recorded in the Baltic region [44]. 
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Table 1. Radiometric ages used in study. All samples were measured on Sphagnum stems.
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	14C Age
	Analytical Uncertainty ± 1σ
	Median Calibrated Age (cal yr BP)
	Minimum Calibrated Age (cal yr BP) 2σ
	Maximum Calibrated Age (cal yr BP) 2σ
	Weighted Mean Modeled Age (cal yr BP)
	Minimum Modeled Age (cal yr BP) 2σ
	Maximum Modeled Age (cal yr BP) 2σ





	–65
	1
	
	
	
	–65
	–68
	–62



	140
	15
	109
	58
	118
	172
	63
	271



	1545
	15
	1405
	1369
	1419
	1401
	1351
	1488



	2025
	15
	1963
	1925
	2000
	1968
	1901
	2043



	2380
	20
	2392
	2346
	2465
	2442
	2352
	2654



	3075
	15
	3291
	3232
	3358
	3297
	3218
	3363



	3810
	20
	4195
	4145
	4252
	4200
	4097
	4347
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Table 2. Sphagnum species identification at each sampled depth. A ‘1’ indicates that a species was the most common at that interval. A ‘2’ indicates that the species was present, but not the most common.
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Section Acutifolia

	
Section Cuspidata

	
Section Subsecunda

	
Section Sphagnum




	
Depth (cm)

	
Age (cal yr BP)

	
S. fuscum

	
S. capilli-folium

	
S. rubellum

	
S. russowi

	
S. pulchrum

	
S. fallax

	
S. angusti-folium

	
S.balticum

	
S. lind-bergii

	
spp.

	
S. medium






	
32

	
182

	

	

	

	

	
2

	
2

	

	

	

	

	




	
42

	
266

	
2

	

	

	

	

	

	
1

	

	

	

	




	
52

	
352

	

	
1

	
2

	

	

	

	

	
2

	

	

	




	
62

	
439

	
1

	

	

	

	

	

	

	
2

	

	

	




	
72

	
525

	
1

	

	

	

	

	

	

	

	

	

	




	
82

	
613

	
2

	
2

	

	

	

	

	

	

	
2

	

	




	
92

	
699

	
2

	
2

	

	

	

	
2

	

	
2

	

	

	




	
102

	
786

	
2

	

	
1

	

	

	

	

	

	

	

	




	
112

	
870

	

	

	
1

	

	

	

	

	

	

	

	




	
122

	
957

	
2

	
1

	

	

	

	

	

	

	

	

	




	
132

	
1042

	

	
1

	

	

	

	

	

	

	

	

	




	
142

	
1130

	
1

	
2

	

	

	

	

	

	

	

	
2

	




	
152

	
1220

	
1

	

	

	

	

	

	

	

	

	
2

	




	
162

	
1311

	
2

	
2

	

	

	

	

	
1

	

	

	

	




	
172

	
1397

	
1

	

	

	

	

	

	
2

	

	

	

	




	
182

	
1460

	
1

	
2

	

	
2

	

	

	
2

	

	

	

	




	
192

	
1521

	
1

	

	

	

	

	

	
2

	

	

	

	




	
202

	
1581

	
1

	

	

	

	

	

	

	

	

	

	




	
212

	
1642

	
2

	
2

	

	

	

	

	
1

	

	

	

	




	
222

	
1701

	
1

	
1

	

	
2

	

	

	

	

	

	

	




	
232

	
1762

	
1

	
1

	

	

	

	

	

	

	

	
2

	




	
242

	
1823

	
2

	
1

	

	

	

	

	

	

	

	

	




	
252

	
1885

	
2

	
1

	

	

	

	

	

	

	

	

	




	
262

	
1946

	
1

	
2

	

	

	

	

	
2

	

	

	

	




	
272

	
2011

	
1

	
2

	

	

	

	

	

	

	

	

	




	
282

	
2078

	
1

	
2

	

	

	

	

	

	

	

	

	




	
292

	
2144

	
1

	
2

	

	

	

	

	

	

	

	

	




	
302

	
2210

	
1

	
2

	

	

	

	

	

	

	

	

	




	
312

	
2276

	
1

	
2

	

	

	

	

	
1

	

	

	

	




	
322

	
2343

	
1

	

	

	

	

	

	

	

	

	

	




	
332

	
2411

	
1

	
2

	

	
2

	

	

	

	

	

	

	




	
342

	
2487

	
1

	

	

	
2

	

	

	

	

	

	

	
2




	
352

	
2575

	
1

	
2

	

	

	

	

	

	

	

	

	
2




	
362

	
2663

	
1

	
2

	

	

	

	

	

	

	

	

	




	
372

	
2750

	
2

	
1

	

	

	

	

	

	

	

	

	




	
382

	
2837

	
2

	
1

	

	

	

	

	

	

	

	

	




	
392

	
2923

	
2

	
1

	

	

	

	

	

	

	

	

	
2




	
402

	
3011

	
1

	
2

	

	

	

	

	

	

	

	

	




	
412

	
3099

	
1

	

	

	

	

	

	

	

	

	

	
2




	
422

	
3187

	
1

	
2

	

	

	

	

	

	

	

	

	




	
432

	
3275

	
1

	
2

	

	

	

	

	

	

	

	

	




	
442

	
3370

	
1

	

	

	

	

	

	

	

	

	

	




	
452

	
3469

	
1

	
2

	

	

	

	

	

	

	

	

	




	
462

	
3567

	
1

	

	

	

	

	

	

	

	

	

	




	
472

	
3665

	
1

	

	

	

	

	

	
1

	

	

	

	




	
482

	
3764

	
1

	

	

	

	

	

	

	

	

	

	




	
492

	
3862

	
1

	

	

	

	

	

	
1

	

	

	

	




	
502

	
3959

	
1

	
2

	

	

	

	

	
1

	

	

	

	




	
512

	
4055

	
1

	

	

	

	

	

	

	

	

	

	




	
522

	
4154

	
1

	

	

	

	

	

	

	

	

	

	











[image: Table] 





Table 3. Correlation coefficients for PCA (p values are all <0.001).
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	Variable
	Dim. 1
	Dim. 2
	Dim. 3





	%N
	0.938
	−0.016
	0.048



	C:N
	−0.918
	0.047
	−0.072



	õ15N
	0.557
	0.439
	−0.531



	Organic C flux
	0.141
	0.884
	0.365



	Peat accum. Rate
	−0.347
	0.657
	0.446



	Bulk density
	0.433
	0.654
	0.111



	Water table depth
	0.316
	−0.624
	0.255



	õ13C
	−0.264
	0.274
	−0.692



	July temp
	0.072
	−0.246
	0.504



	%C
	0.461
	−0.168
	−0.13
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