ESTIMATING LONG-TERM CARBON ACCUMULATION RATES IN BOREAL
PEATLANDS BY RADIOCARBON DATING

ATTE KORHOLA,! KIMMO TOLONEN,? JUKKA TURUNEN? and HOGNE JUNGNER?

ABSTRACT. We used direct radiocarbon dates of peat samples, pollen dates and land-uplift chronology from >1300 cores
comprising all or most of the Holocene in the boreal region of Finland, Estonia and Maine (USA) to obtain long-term carbon
accumulation rates for boreal peatlands. The “apparent” long-term rate of carbon accumulation (LORCA; g Cm2a-1) ranged
from 4.6 to 85.8 (mean 19.9 + 10.7), depending on the geographical location, wetland type and the age of the mire. The “true”
or “actual” rate of carbon accumulation (ARCA), as derived from models for peatbog growth, was usually ca. 70% of
LORCA. We studied the raised bog Reksuo more intensely in terms of growth dynamics, and we report preliminary results
of the “three-dimensional” or spatial carbon accumulation rates, These results strongly contradict the concept of constant
input and constant decay throughout the millennia. The study emphasizes the importance of exploring the formation and
dynamics of entire mire ecosystems, and the role of carbon in these systems, in addition to studying single cores.

INTRODUCTION

Mire ecosystems maintain themselves by disproportionate plant production (input) and decay (out-
put); ca. 5-10% of the yearly produced plant biomass accumulates in the form of peat and, conse-
quently, does not return to the nutrient cycle (Gorham 1991; Warner, Clymo and Tolonen 1993;
Gorham and Janssens 1993). This makes natural peatlands net accumulators of organic matter, and
thus, an important component of the global carbon cycle, with ca. 192-455 Pg C (= 105 g) stored in
peats of boreal wetlands (Gorham 1991). Most of this peatland carbon is potentially available for
exchange with the atmosphere, and a changing climate can be expected to have an impact on all envi-
ronmental variables contributing to the fluxes (Billings 1987; Crill, Bartlett and Roulet 1992). To be
able to predict future change in peatland ecosystems and under changing climatic conditions, one
must understand the processes regulating the retention and release of elements in mire environments.

Assessment of modern terrestrial inventories alone will not provide sufficient information to predict
future sinks and sources for atmospheric CO,. Determining carbon storage in peat, its long-term
variations and climatic controls are required to understand and model the dynamics of carbon in
peatland ecosystems (Harden et al. 1992; Tolonen et al. 1992a). Here we present results obtained by
direct 14C dating of peat that link long-term carbon accumulation with growth dynamics of peatland
ecosystems (see, e.g., Foster and Wright, Jr. 1990; Korhola 1992, 1994).

METHODS

To calculate the long-term (apparent) rate of carbon accumulation (LORCA) at a site on a mire, one
needs reliable dating for the deepest peat, known stratigraphy and measured profile of (dry) bulk
density and carbon content. Some 200 locations in boreal Europe and North America meet all four
requirements (Gorham 1991; Zoltai 1991; Tolonen e al. 1992a). Here we focus mainly on extensive
Finnish samples. A large part of these data is published in the preliminary report by Tolonen et al.
(1994).

We sampled most of the peatlands during the summers of 1991-1993, using a 8x8-cm box corer
(length 90, 100 or 150 cm) and a Russian peat sampler (10x50 or 5x50 cm). Subsamples of known
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volume were taken at 10-cm intervals; the samples were oven-dried at 105°C, ashed at 500°C, and
bulk densities were calculated from the dry mass and fresh-volume values.

We 14C dated >300 samples comprising all or most of the Holocene. Most of the samples were dated
at the Dating Laboratory of the University of Helsinki (Hel), according to standard procedures. The
dates were corrected for isotopic fractionation, and converted to calendar years using the CALIB
program (version 3.0.3: Stuiver and Reimer 1993); a one-sigma standard deviation estimate was
applied. Many of the dates were published (Tolonen ef al. 1992a, 1994; Korhola 1992), but some
were not reported previously (cf. Table 2 below). The complete list of the study sites with the mire
type descriptions and radiocarbon results is available by request from K. Tolonen.

LORCA was determined according to the following equation (dry mass estimate of C 0.5)
A=rp ®

where A = dry mass accumulation (g m-2 a-?), r = net rate of height increment (mm a~1) and p =bulk
density of dry peat (g cm™3).

The actual (“true”) net rate of carbon accumulation (ARCA), however, is lower than LORCA
because of the slow plant decay in the anoxic thicker peat column (Clymo 1984; Tolonen et al.
1992a). The actual rate can be estimated only by using theoretical peat accumulation models, in
which a concave relation is assumed for age vs. depth plots in peat profiles (Clymo 1984). We used
the following equation to determine ARCA

A=pe )

where A = net rate of dry mass accumulation (g m~2 a™!), p = rate of dry matter addition (g m2a),
a = decay cofficient as a proportion (a~!) and t = time (a). We calculated numerical values for param-
eters o and p using a computer program provided by R. S. Clymo, University of London.

Precise dates of peat strata are of crucial importance to studies of peatland carbon budgets. Our pro-
files were dated by 14C (257 cores), by palynology (238 cores) or by land-uplift chronology (823
cores). We used series of vertical 14C dates (minimum of 7 dates per core) to estimate ARCA and
single basal peat 14C dates to calculate the overall (top to bottom) average LORCA. We obtained the
palynological dates by comparing the pollen record from basal peat sequences against long 4C
dated standard diagrams. When using land-uplift chronology, we assumed no time gap between the
emergence of the site and the onset of peat accumulation.

To gain better understanding of the spatial carbon accumulation in the entire peat mass, we carried
out more detailed studies in Reksuo, a concentrically domed bog in southern Finland (60°37'N,
23°16'E; 577 ha; 88.0 m; see Korhola (1992) for a more detailed description of the mire). We studied
the bog’s topography, peat stratigraphy, mire formation and growth dynamics, and measured 14C
dates from vertical profiles and basal peats along a network of transects. We present here only pre-
liminary results concerning the spatial or three-dimensional carbon accumulation in the Reksuo bog.

RESULTS

Average LORCA showed great variation in our database depending on the geographical location,
the wetland type, the age of the deposit and the number of mire fires. In the extensive samples for
Finland, we found a mean of 19.9 + 10.7 g C m~2a, range 4.6-85.8 (Fig. 1), and observed a clear
increase in LORCA with decreasing mire age. The most pronounced change, especially in maxi-
mum values, occurred ca. 4500 BP. Carbon has accumulated more in ombrotrophic bogs (22.5 + 11.5
g C m2a-1, range 6.6 to 85.5, n = 548) than in minerotrophic fens (15.1+6.8 g C m~2a-1, range 4.6
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to 49.1, n = 373) (Fig. 2), and accumulation rates have been generally higher in treeless and pine
fens than in spruce-alder mires. Where repeated mire fires were common, the average LORCA was
only 1/2 or 1/3 from that in the unburned deposits with corresponding age, location and plant cover.
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Fig. 1. LORCA(g C m~2a~) vs. age (cal yr BP) of basal peat in dated peat columns with known bulk density.
The line is a splined regression formed from three x-axis segments.
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Fig. 2. LORCA (g C m=2 a™!) vs. age (cal yr BP) of basal peat for two main hydrological types of mires of
Finland. The two lines are splined regressions formed from three x-axis segments. Number of mires: hemi-
boreal ~ 13; southern boreal — 28, middle boreal — 29, northern boreal — 14 (from Tolonen et al. 1994).
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Regardless of the mire type, LORCA was much higher in southern than in northern mires (Fig. 3).
The most pronounced feature indicated by the diagram is the abrupt decline in LORCA for northern
mires and the reciprocal increase in accumulation rates for southern bogs after ca. 2000 cal BP. This
phenomenon may be an artifact of the plotting, but may equally well be real. The latter conclusion
is supported by observations already made by Rancken (1912), according to which the current peat
accumulation in the northern aapa mires is an extremely slow process. Some unpublished 4C dates
from individual peat profiles of mires in northern Finland further confirm slow peat accumulation
during the latter part of the Holocene (K. Tolonen and R. Ruuhijérvi, unpublished data; H. Hyviri-
nen, personal communication).
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Fig. 3. LORCA (g C m~2a-1) vs. age (cal yr BP) of basal peat in dated peat columns in southern (approximately
equal to hemiboreal) and in northern (equal to northern boreal) zone in Finland. In the southern zone, 98 sites
are bogs and 10 fens; in the northern zone, 14 are bogs and 34 fens. In age group 0-4000 yr, LORCA was 36.3
+11.6 g Cm~2 a~! (mean age 2786 a) in the southern zone, and 21.2 * 11.9 g Cm~2 a~! (mean age 2221 a) in
the northern zone. The two lines are splined regressions formed from six x-axis segments (revised from Tolo-
nen et al. 1994).

ARCA ranged between 8.1 and 23.0 g C m~2a~! (mean 12.1) and was 29-85% (mean 63%) of the
LORCA in the individual peat columns (Table 1). The calculated loss by decay and associated pro-
cesses varied from 7.1-31.3 g Cm=2a-! (mean 19.2 * 7.3), whereas the average current sequestering
percentage of carbon was 57 * 24%. In several peatlands, the vertical growth contradicted the con-
cave plot predicted for age vs. depth by Clymo’s (1984) model of peat growth, a fact that made
impossible the estimate of ARCA using existing models. Consequently, only the cases that are in
accordance with the framework provided by the theoretical model are reported in Table 1.

In the case of Reksuo, we have thus far collected 34 14C dates: 17 from the basal peat sections and
17 from the vertical peat profiles (Table 2). The average LORCA (top to bottom) varied from 8.7-
33.7 g Cm2 a1 (mean 24.6) in the 16 study cores with basal peat dates and calculated bulk densities
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TABLE 1. ARCA and LORCA (¢f. Fig. 1) in 5 fens (nos. 1-4) and 10 bogs from Finland, and in 1 bog from
Estonia (no.15) and 1 from Maine, USA (no. 16) as calculated by Clymo’s (1984) model. Slightly modified
from Tolonen et al. (1994).
Location ~ Site Depth  Age LORCA ARCA  LOSSt SEQU%
(Nla) (type)* (m) (calyrsp) (gm~al) (gm-2a-) (gm?al) (%)

1. Silmédsvuoma 67°33'  RiL 1.7 9440 9.6 10.7 4 97
2. Ahvensalo 62°46' RhSK 2.0 9570 14.7 12.5 313 29
3. Siikaneva 61°46' SSN 7.2 9040 19.2 14.0 43 76
4. Suurisuo 61°00' RhSN 3.7 5070 249 17.7 143 55
5. Sirkinsuo 62°45' RaR 34 10,230 18.6 14.2 195 84
6. Korvinsuo 62°45' KeR 4.4 10,200 16.5 12.1 195 76
7. Korvinsuo 62°45' IR 2.8 10,090 13.7 10.9 1 92
8. Korkianeva 62°45' RalkN 3.4 5970 20.2 9.3 198 32
9. Kunoniemensuo 62°05' IR 4.3 7170 18.1 8.1 98 45
10. Lakkasuo 61°45' KeR 2.7 ~ 3000 247 12.3 195 35
11. Kaurastensuo 61°01' KeR 5.2 9810 18.3 10.9 71 60
12. Laaviosuo 61°01' KeR 54 10,190 20.8 12.8 172 43
13. Varrassuo 61°00' KeR 4.4 6670 17.2 11.1 175 39
14. Munasuo 60°05' RaN 6.4 4710 35.2 10.3 285 26
15. Nigula Raba 57°40' KeR 53 8030 29.5 23.0 125 65
16. Big Heath 44°06' “TR” 4.9 7780 20.5 10.1 209 33

*Site types (and their abbreviations) sensu common Finnish system
tLOSS = p' minus A’
$SEQU = fraction of A’ of p’ in the model

(Fig. 4). We observed the lowest value, 8.7 g C m~2a-1, in the southwest margin with a tall-sedge
fen-type vegetation, and the highest value, 33.7 g C m=2a-1, in the adjoining marginal slope with a
Ledum pine bog cover. In addition to mire vegetation types, the differences in the basal and surface
topography most obviously are significant when researching a cause for variations of LORCA in
different parts of the mire.

The spatial arrangement of the basal peat 1C dates indicates that mire formation in Reksuo started
in a topographical depression at the center of the present-day mire ca. 8500 cal BP (Korhola 1992).
The subsequent spread of the mire then took place in the form of numerous paludification pulses
regulated by the basal topography of the mire. The lateral extension occurred rapidly, until ca. 3500
cal BP, by which time the mire had achieved ca. 92% of jts present area (Korhola 1994). Since that
time, there has been a clear decline, almost a halt, in the expansion rate.

Quite the reverse situation seems to exist for vertical growth of the mire. As Figure 5 shows, the
mire was still only ca. 1.0-1.5 m thick ca. 5000 cal BP, with no indication of the present-day domed
structure, a feature that clearly shows the minerotrophic character of the mire at that time. Most of
the vertical growth of the bog has occurred within the last ca. 3500 yr, during which time there was
almost no lateral spread in the entire mire. We estimate that ca. 2/3 of the volume (raw units) of the
mire formed within the last ca. 3500 yI.

The significant increase in vertical peat accumulation in Reksuo in recent times is also evident in
low bulk density and high carbon accumulation values in the upper parts of the studied profiles. In
core RB-3 (Fig. 6), for example, a marked change from loose (3040 g dm-3) to heavier or denser
(>60 g m~3) peat may be observed at ~540 cm, corresponding to a 14C age of ca. 5000 cal BP. We also
estimated that ca. 60% of the present peat (bulk) mass deposition and ca. 62.9% of the total rate of
carbon accumulation date from the last ca. 3500 yr in the same core (Fig. 6). In core RB-2, the cor-
responding figures were 81.1% and 62.5%, and in core RB-4, 72.6% and 63.5%. Thus, we feel jus-
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TABLE 2. Radiocarbon Dates from Reksuo with Calculated Bulk Densities (BD) and LORCA

Most prob.
Sample Sample d13C 14C age date  AverageBD  LORCA
code Lab no. depth (cm)  (%0) (yr BP) (calyrBp) (gdm?) (gCm2a”)
Basal peats
RA-1 Hel-2894 160-170 -26.9 4720 +110 5460 56.2 8.7
RA-2 Hel-2895 372-379 -28.3 3610%110 3890 69.1 337
RA-3 Hel-2896 622-632 -269 6510110 7390 58.6 250
RA-4 Hel-2897 654664 -28.0 6250+110 7170 61.5 283
RA-5 Hel-2898 471-480 -27.5 4050100 4520 59.8 31.8
RA-6 Hel-2899 283292 -28.1 3190x90 3390 69.9 29.9
RA-7 Hel-2900 113-120 -27.5 2140100 2130 873 24.7
RB-1 Hel-2901 168-177 -26.8 2740110 2810 86.4 274
RB-2 Hel-2902 400-410 -26.7 4310100 4870 46.7 19.7
RB-3 Hel-2003 673-682 -29.1 7880%100 8580 50.3 19.7
RB-4 Hel-2904 567-578 -27.7 5080%100 5800 55.8 29.4
RB-5 Hel-2905 480490 -27.3 4900100 5650 64.4 29.0
RB-6 Hel-2906 375-385 -26.7 4570+100 5300 52.4 20.0
RC-1 Hel-2907 663-672 -27.1 6450120 7370 52.6 239
RC-2 Hel-2908 611621 -26.8 6570 %80 7400 489 20.4
RC-3 Hel-2909 440-450 -28.2 6260 + 110 7180 713 22.1
Vertical cores
RB-1 Hel-3472 20-30 -263 430%90 500

Hel-3473  50-55 -263  810%100 710
Hel-3474  75-80 -24.7 1120+90 1040
Hel-3475 105-110 -24.5 1650 +100 1540
Hel-3476 125-130 -26.0 1970100 1890
Hel-3477 150-160 -27.5 3270+100 3470
RB-2 Hel-3478 50-60 -19.8  350%90 430
Hel-3479 100-110 -239 58090 550
Hel-3480 150-155 -24.9 1190x90 1070
Hel-3482 250-260 -25.4 2210100 2270
Hel-3484 350-360 -24.4 2440100 2460
RB-3 Hel-3486  50-55  -25.7 80 =80 80
Hel-3488 150-155 -26.0 1170+90 1060
Hel-3490 250-255 -25.7 2060 +100 1990
Hel-3494 450-457 -25.0 3390100 3630
Hel-3496 550-555 -27.6 4450+90 5040
Hel-3498 630-640 -27.7 6250 + 100 7170
RB-7 Hel-3499 160-166 -29.0 3100 +90 3280

tified in concluding that most of the carbon accumulation in Reksuo has taken place within the last
ca. 3500 yr.

DISCUSSION

We studied three types of dates: (1) dates based on pollen analysis; (2) dates based on shore dis-
placement data; and (3) direct 14C dates on peat. Palynological dates depend ultimately on compar-
ison of the pollen spectra examined with one or more 14C-dated standard diagrams. The reliability
of such extrapolated dates depends on the precision of the 14C time scale, and the regional confor-
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mity of the forest succession. To avoid unnecessary risks, we used only commonly recognized
regional boundary horizons, such as the appearances of certain tree pollen in the stratigraphy or the
boundaries of the established local pollen-assemblage zones. When working with shore displace-
ment data, we tried to select mires that were known to have originated by direct or primary mire for-
mation. However, the basal layers in some peat sections may postdate local ice retreat or shore dis-
placement by 2 to 3 ka (Tolonen 1967; Korhola 1992, 1995).

Direct 14C dating of peat samples also has its problems. The general uncertainty associated with 14C
dating of peat includes contamination by younger root material (Zoltai 1991). Further, many of the
mires that we studied overlie a thin layer of strongly compacted and highly humified mor humus,
presumably derived from a precursory forest vegetation. When dating basal peats, it is uncertain

2 3l *,| 4—

Fig. 4. Reksuo peat bog with depths of peat and average LORCA in 16 peat profiles measured for bulk density. The posi-
tion of transect A-B is indicated. 1 = field; 2 = peat-covered area; 3 = bedrock outcrop; 4 = local road.
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Fig. 5. The reconstruction of bog development in Reksuo along the transect A-B (see Fig. 3) with interpolated isochrones for
vertical growth. The boundary for the rise of Picea pollen was determined for sites RB5 and RB6; the Picea limit has been

dated in the area to ca. 3500 cal BP.

whether the mor humus layer or the immediately overlying peat records the true onset of peat for-
mation. We apply the latter here, following Tallis (1991). Also of interest is the possibility that there

is some removal of organic carbon from basal
peat strata to underlying mineral soil, a hypo-
thetical situation not usually considered when
estimating the carbon balance of northern peat-
lands. The issue needs further clarification.

Long-term average rates of carbon accumula-
tion in peats range from ca. 10 g m-2a1to >50
g m-2 a-! (Billings 1987; Tarnocai 1988; Oven-
den 1990), depending on factors that are only
partly understood. Against these estimates, our
average LORCA figures are generally low, and
considerably lower than 29 given by Gorham
(1991) for the interior of North America and 30
suggested by Botch et al. (1994) for the mires of
the former Soviet Union. The differences may
be due to: 1) our material may be skewed
because it is concentrated on deep peat layers
(mean peat depth 3.03  1.46); thus, the shal-
lower (and younger?) mires are under-repre-
sented; and 2) when using age determinations
based on land-uplift chronology, we assumed a
maximum age for all the studied mires; conse-
quently, our carbon calculations represent mini-
mum values.

The clear increase in LORCA with decreasing
mire age is consistent with previous findings
from North America and Alaska (Ovenden
1990; Zoltai 1991; Marion and Oechel 1993)
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and from the former Soviet Union (Botch et al. 1994). Climate change toward wetter conditions ca.
4500 cal BP, as documented in lake-level records (Digerfeldt 1988; Harrison and Digerfeldt 1993)
and peat initiation data (Korhola 1995) is probably one of the causes that explains this result. Also,
older peatlands have obviously experienced more carbon loss by leaching and fires (Hogg et al.
1992). Ecological and morphological changes of natural “aging” of the mire should also be consid-
ered. For example, of crucial importance for mire growth is the point in time when Kleinformen, i.e.
differentiation of the mire surface into hummock and hollows, start to develop. As postulated by
Aario (1932), growth slows from Calluna and lichen cover developing on the hummocks, and by
regulation phenomena and the release of marsh gas on the hollows. On the contrary, the marked
decline in carbon accumulation for northern mires since ca. 2000 cal BP might indicate that aapa
fens usually reach their asymptotic steady state (in which there is a balance between the rate of addi-
tion and the rate of loss by decay) in an earlier developmental phase than the raised bogs in the
south. The great variation in LORCA in different areas, age classes and plant types still necessitates
the search for causal factors.

The reliability of the determination for ARCA depends on the number of reliable dates and how
realistic the model is. Excluding the unreliable dates (1, 8, 9 and 14; Table 1), we got 0.722 + 0.082
(S.D.) for the ARCA/LORCA ratio at our European sites (Tolonen et al. 1994). In Gorham’s (1991)
data, the corresponding ratio was 0.79, with ARCA as 23 gCm2a1and LORCA as29gCm=2a-l.
In the same data, the carbon sequestering percentage was ca. 56%, very comparable to our average
value of 57%. On the basis of these two data sets, we suggest that the current rate of carbon accu-
mulation in Boreal mires is ca. 3.9-7.5% of annual net primary production, the latter estimated
recently (Gorham 1990) as 307 g m=2 a-1.

Normally, only a single vertical core is analyzed for carbon accumulation at each site, which means
that the horizontal aspect is ignored. Both should be considered, however, because our earlier results
(Korhola 1992, 1994) suggest that the processes of vertical and lateral growth are not necessarily
interconnected. The findings from Reksuo clearly support this concept, and demonstrate that the
present extent of the mire was already reached in the early minerotrophic stage. Since then, the mire
has grown mainly vertically, with limited lateral expansion. Most of the carbon accumulation in this
ca. 8500-yr-old bog occurred during the last ca. 3500 yr as a result of strong vertical growth.

CONCLUSION

The results presented here strongly contradict the concept of constant input and decay throughout
the millennia, and demonstrate that mire €cosystems are complex natural phenomena with a struc-
ture, history and dynamics that can be influenced by many internal and external factors. Thus, it is
essential to explore mire ecosystems as entire entities. We need to construct additional detailed car-
bon accumulation records at several points, from the center to the margins of a mire, and to make
such measurements on a series of mires of differing depths and vegetation types. This is perhaps the
only direction in which to move, if a comprehensive understanding of the long-term peatland carbon
accumulation is to be gained.
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