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NOTE / NOTE

Forest soil disturbance intervals inferred from soil
charcoal radiocarbon dates

Daniel G. Gavin

Abstract: Forest soil disturbance intervals are usually too long to measure using plot-based studies, and thus they are
poorly understood. The mean soil disturbance interval (MSDI) in an old-growth forest on the west coast of Vancouver
Island was estimated from radiocarbon dates of charcoal from organic and mineral soil horizons. Two assumptions are
required to estimate the MSDI: (1) charcoal from forest fires is deposited within the organic horizon and eventually
mixed into deeper mineral horizons by soil disturbances, and (2) the probability of soil disturbance is spatially homo-
geneous and affected only by the time since the last fire or the last soil disturbance. The MSDI is then estimated by
the rate at which the proportion of undisturbed sample sites (determined by the proportion of sites with charcoal from
the most recent fire in the organic horizon) decreases with increasing time since the last fire. Soil charcoal evidence of
time since fire was determined at 83 sites using 141 radiocarbon dates. The estimated MSDI was greater on slopes (ca.
2010 years) than on terraces (ca. 920 years). The long periods between soil disturbances, especially on slopes, are con-
sistent with other evidence from the study area that suggests infrequent tree uprooting is the predominant mode of soil
disturbance.

Résumé : Les intervalles entre les perturbations du sol en forét sont habituellement trop longs pour étre mesurés a
I’aide de parcelles échantillons et sont par conséquent peu connus. L’intervalle moyen entre les perturbations du sol
dans une forét ancienne de la cote ouest de I’fle de Vancouver a été estimé en ayant recours a la datation au carbone
du charbon de bois présent dans les horizons organique et minéral du sol. On doit faire deux hypotheses pour estimer
I’intervalle moyen entre les perturbations du sol : (1) le charbon de bois produit par les feux de forét est déposé dans
I’horizon organique et éventuellement incorporé plus profondément dans 1’horizon minéral par les perturbations du sol
et (2) la probabilité associée a une perturbation du sol est homogene dans 1’espace et affectée uniquement par le temps
écoulé depuis le dernier feu ou la derniere perturbation du sol. L’intervalle moyen entre les perturbations est ensuite es-
timé en utilisant le taux de diminution de la proportion de stations non perturbées (déterminé par la proportion des sta-
tions échantillonnées ou du charbon de bois provenant du plus récent feu est présent dans 1’horizon organique) en
fonction du temps écoulé depuis le dernier feu. Le temps écoulé depuis un feu sur la base du charbon de bois présent
dans le sol a été déterminé dans 83 stations a 1’aide de 141 datations au carbone. L’intervalle moyen estimé entre les
perturbations du sol est plus long sur les pentes (ca. 2010 ans) que sur les terrasses (ca. 920 ans). Les longues périodes
entre les perturbations du sol, particulierement sur les pentes, sont consistantes avec les autres indices observés dans la
zone d’étude indiquant que le déracinement peu fréquent des arbres est le mode prédominant de perturbation du sol.

[Traduit par la Rédaction]

Introduction

The mixing of forest soil horizons is an important geo-
morphological and ecological process, though little is known
about the frequency of soil disturbance events. There are
many modes of forest soil disturbance, including tree up-
rooting by windthrow, bioturbation by earthworms or verte-
brates, and freeze—thaw processes (Schaetzl at al. 1990;
Carcaillet 2001). Tree uprooting may mix soil horizons and
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result in a characteristic pit-and-mound microtopography
that persists for decades to centuries (Stephens 1956; Beatty
and Stone 1986; Bormann et al. 1995). Likewise, bio-
turbation by earthworms and burrowing animals, cryoturba-
tion, and landslides may homogenize surface soil horizons,
and these modes of disturbance also vary among habitats
and landforms (Paton et al. 1995; Jakob 2000). For all
modes of soil disturbance, however, soil disturbance inter-
vals are too long to measure using plot-based studies.

In this study, I estimate the mean soil disturbance interval
using a large set of radiocarbon dates of soil charcoal from
a coastal temperate rainforest on Vancouver Island, British
Columbia, Canada. These radiocarbon dates were previously
analyzed for a fire-history study, but not with respect to soil
disturbance (Lertzman et al. 2002; Gavin et al. 2003a,
2003b). Using assumptions about how charcoal is incorpo-
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rated into mineral horizons of soil and a simple statistical
model, the mean soil disturbance interval can be calculated
from the distribution of charcoal ages in organic versus min-
eral horizons over a set of sample sites. I use this method to
compare the soil disturbance intervals between terrace and
slope landforms.

Materials and methods

Assumptions and model

The method used here requires Podzol soils with a distinct
boundary between organic (O) and mineral (E and B) hori-
zons. To estimate the mean soil disturbance interval (MSDI),
I used a statistical model that requires two assumptions.
First, I assume that the vast majority of charcoal is initially
deposited above the mineral horizon, and that soil distur-
bance is required to mix charcoal into the mineral horizon
(Fig. 1). For example, a field survey has shown that fire may
consume organic soils and deposit considerable amounts of
charcoal above the mineral horizon (Ohlson and Tryterud
2000). Experiments have also indicated that charcoal is un-
likely to form within a mineral soil horizon with high mois-
ture content (Frandsen 1987). Thus, charcoal in mineral
horizons is likely a result of soil mixing. This assumption
agrees with similar models of Podzol disturbance and rede-
velopment (Armson and Fessenden 1973; Vasenev and
Targul’yan 1995).

Second, I assume that soil disturbance is a spatially and
temporally homogeneous process, as proposed by Norton
(1989). Thus, this method is only applicable in topographic
settings where uprooting and other modes of soil disturbance
occur with a spatially uniform probability (e.g., sheltered
valley bottoms; Kramer et al. 2001). The model does ac-
knowledge that the probability of soil disturbance may be a
function of the time since the last soil disturbance or the
time since the last fire. For example, following tree uproot-
ing or death by fire, a century or more may be required for
regenerating trees to reach a size susceptible to another
windthrow. In contrast, the spatial and temporal pattern of
fire may be nonrandom with no effect on the model results.

With these assumptions, the age distribution of undis-
turbed soil (A(7)) can be modeled using the Weibull distribu-
tion as applied to fire-history studies (Johnson and van
Wagner 1985; Huggard and Arsenault 1999):

[1] A1) = exp[-(#/b)]

where A(f) is the proportion of sites that have not experi-
enced soil disturbance for ¢ years (i.e., the proportion of sites
with a time since fire of ¢ years that have charcoal in the or-
ganic horizon), b is the exponential decay parameter, and ¢
controls the shape of the distribution. When ¢ = 1 the model
is identical to the negative exponential model, when ¢ > 1
the probability of disturbance increases with time since the
last disturbance, and when ¢ < 1 the probability of distur-
bance decreases with time since the last disturbance. MSDI
is calculated as bI'[(1/c) + 1], where I" is the gamma distribu-
tion. Confidence intervals of A(f) and MSDI may be calcu-
lated from bootstrap resampling of the sample sites.
Estimates of A(f) are more robust for recent than for older
time-since-fire age-classes because the number of sites used
to compute A(f) decreases with increasing time since fire.
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Fig. 1. Schematic showing the assumption of how charcoal is
transported from organic to mineral horizons in Podzols. Char-
coal from a fire at 1000 years before present (BP) is deposited
in the organic horizon and mixed into the mineral soil at

500 years BP. A new charcoal-free organic horizon has devel-
oped by 0 years BP.
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Therefore, I fit the Weibull model using a nonlinear regres-
sion in which the squared residuals for each 200-year age-
class are weighted by the number of sites contributing to the
estimate of A(¢) in that age-class.

Study area and sampling

Sampling was conducted in the lower elevations (<200 m)
of the Clayoquot River watershed, located 20 km from the
Pacific coast of Vancouver Island (49°15'N, 125°25'W). The
Clayoquot Valley is a north—south trending valley bordered
by high ridges (>1200 m elevation) and sheltered from the
direct winds of the storms from the southeast (Pearson
2001). The terrain is composed of level terraces that abut
sharply with steep (40% to >60%) slopes. Forests are domi-
nated by western hemlock (Tsuga heterophylla (Raf.) Sarg.)
and western redcedar (Thuja plicata Donn ex D. Don) with
Pacific silver fir (Abies amabilis (Dougl. ex Loud.) Dougl.
ex J. Forbes) and Sitka spruce (Picea sitchensis (Bong)
Carriere) also common. Soils are Ferro-Humic Podzols, with
a well-defined organic mor (O) horizon overlying a weath-
ered mineral (Bs and Bhs) horizon (Jungen 1985). The E
horizon was very thin at most sites. Thus, horizons could be
diagnosed easily at a coarse level (O vs. B) in the field. Only
8% of the sites appeared to contain a recently mixed or tran-
sitional A horizon, which I treated as a mineral horizon in
subsequent analyses.

Soil charcoal sampling was conducted as part of a fire-
history study and designed to maximize the probability of
detecting the most recent fire (Gavin et al. 2003a). Sample
sites were spaced 150—400 m apart and located on locally
level terrain that was not affected by down-slope soil move-
ment and where charcoal is most likely to accumulate
(Bassini and Becker 1990). In the field, I searched the or-
ganic horizon, where charcoal from the most recent fire is
most likely to be located, from at least three 5 cm diameter
soil cores at each site. In the laboratory, I carefully sieved
an additional three to five soil cores from each site and
searched for charcoal in the large fraction (>0.5 mm) un-
der x 10 magnification. The uppermost piece of charcoal at
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Fig. 2. Depth—age relationship of the 141 radiocarbon-dated charcoal fragments used in this study.

Slopes
12000 Organic horizon | -] Mineral horizon
] n=22 ] =4
10000__ ( ) = o 000 (n 5)
1 ] o
8000-] Jo ©°
T 6000 .
B ] o :C%
S 4000 O I
o 19 :CgD
5 20004 B @ 3
Re) 1 0% o 1BR © o
8 C 7 (él oqi T I T I T -8 T I O T I T
(2]
S 0 10 20 30 40 0 10 20 30
0
_Z’ Terraces
% 12000 Organic horizon| J o © MinerSI horizon
5 10000 (n=27) | 1§ O o0 o =~ (n=47)
‘_8 E E OO@O@ o O
8000} Jo o8
. ] o
6000 Jo,
] ] le) (@]
4000 Jo 8% o
. 190
2000-] 3 ng
7 [6)e)e) o :8)
0_@ T T T T T T T I T I T
0 10 20 30 40 0 10 20 30

Depth below soil surface (cm) Depth in mineral horizon (cm)

each site was submitted for radiocarbon dating at Lawrence
Livermore National Laboratory (Livermore, Calif.). Addi-
tional dates were obtained from several sites, especially if
(1) there appeared to be a stratigraphy of charcoal in the
organic horizon, or (2) if charcoal was found only in the
mineral horizons.

A total of 141 accelerator mass spectrometry radiocarbon
dates were obtained, of which 73% were based on a single
piece of charcoal (usually >5 mm in length); the remaining
dates were based on multiple pieces (0.5-2 mm in length)
from the same depth in the soil. It is not likely that the dates
based on multiple pieces are the average of multiple fires,
because dates of single pieces of charcoal from the same site
yielded a similar age (<300-year difference) in 17 of 35
comparisons, and dates from the same depth were the same
in 7 of 9 comparisons (Gavin et al. 2003a). Also, because
charcoal in the organic horizon was always younger than
that in the mineral horizon, it was possible to estimate that
the most recent fire was dated at more than 90% of the sites
(Gavin et al. 2003a).

All radiocarbon dates were converted to calibrated years
before present (years BP) (Stuiver et al. 1998). Tree-ring ev-
idence of fire was used as a more accurate method of dating
surficial soil charcoal at the 18 sites where there was stand-
structural evidence of fire (Gavin 2001; Gavin et al. 2003a).
The youngest radiocarbon date or tree-ring date at each site
was used to determine the time since fire. The proportion of
sites with charcoal in the organic horizon for each 200-year
time-since-fire class was determined separately for sites on
slopes and sites on terraces. Complete lists of radiocarbon

dates are available in Gavin (2001) (26 dates), Gavin et al.
(2003a) (120 dates, 5 dates are reported in both studies'),
and Gavin et al. (2003b) (47 dates, all also in Gavin et al.
2003a). These dates are also summarized in Lertzman et al.
(2002); that study included seven additional dates from two
subalpine forest sites unrepresentative of the remainder of
sites in the study area.

Results and discussion

Charcoal ages in the organic horizon are usually less than
3000 years, but charcoal ages in the mineral horizons span
the last 12 000 years (Fig. 2). The observed difference in the
maximum age of charcoal in the organic horizon and min-
eral horizon is consistent with the assumption that charcoal
is mixed into mineral horizons at some time after being de-
posited in the organic horizon. The maximum age of char-
coal in the mineral horizon (12 200 years, shortly postdating
deglaciation) indicates that charcoal is well preserved in
these soils. Another study with these dates showed that char-
coal abundance is only very weakly related with the time
since fire (Gavin et al. 2003a), suggesting that charcoal is
lost at a slow rate from fragmentation.

A weak relationship between charcoal age and depth oc-
curred in the organic horizon on slopes (r = 0.638, P =
0.001) and terraces (r = 0.739, P < 0.0001) though no age—
depth relationship occurred in the mineral horizon (r =
0.106, P = 0.490 for slopes; r = 0.194, P = 0.192 for ter-
races; Fig. 2). Organic horizons are likely accumulating with
time, as would be expected for Cumulic mor humus horizons

! Available online at http://www.esapubs.org/archive/ecol/E084/004/default.htm.
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Fig. 3. Calculations of mean soil disturbance intervals on slope and terrace landforms. (@) Proportion of sites with soil not disturbed since
the last fire, as determined by charcoal from the most recent fire remaining in the organic horizon. The 95% confidence intervals of the
fitted Weibull curve and the mean disturbance interval are based on 500 bootstrap samples of the sample sites. (b) The number of sites in
each 200-year age-class (the time-since-fire distribution) used to compute A(#) and also used as weights in the Weibull curve fit. The ex-
ceptionally long time since fire at some sites is the focus of earlier papers (Lertzman et al. 2002; Gavin et al. 2003a).
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(Cruikshank and Cruikshank 1981), but have a maximum
age of ca. 6000 years on slopes and only ca. 1000 years on
terraces. In contrast, mineral horizons appear to be mixed,
resulting in no age—depth relationships within or among sites
(Lertzman et al. 2002).

The Weibull curve fit to the age distribution of the propor-
tion of undisturbed soil was better on terraces than on slopes
(weighted 72 = 0.87 and 0.72, respectively; Fig. 3). On ter-
races, A(#) declined rapidly and was best fit with a platy-
kurtic Weibull curve (c = 3.65), indicating the probability of
disturbance increases with time since the last disturbance.
On slopes, A(¢) declined gradually and was best fit with a
Weibull curve that was indistinguishable from a negative
exponential curve (¢ = 0.97), indicating the probability of
disturbance is independent of the time since the last distur-
bance. The mean soil disturbance interval (MSDI) computed
from each Weibull curve was greater on slopes (2010 years)
than on terraces (920 years), though each MSDI estimate
had large confidence intervals (Fig. 3).

Estimates of MSDI on both terraces and slopes are longer
than previously estimated rates of soil disturbance in conifer
forests (Jonsson and Dynesius 1993; Vasenev and Targul’yan
1995; Kramer et al. 2001). One cause of the long MSDI may
be that tree uprooting is rare in the study area. Other studies
from this area support this observation. Historical aerial pho-
tographs (1939 to 1988) showed no evidence of windthrow
at low elevations in this watershed, likely because the Clayo-
quot Valley is not directly exposed to onshore winds
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(Pearson 2001). In addition, a canopy gap survey in an adja-
cent watershed found that only 20% of tree deaths involved
uprooting (Lertzman et al. 1996). Combined with an esti-
mated mean canopy tree turnover rate of 350-950 years
(Lertzman et al. 1996), the tree-uprooting interval is likely
to be on the scale of millennia.

A second cause of the long MSDI may be that modes of
soil disturbance other than tree uprooting, including land-
slides, cryoturbation, and bioturbation, are extremely rare
in the study area. First, landslides are restricted to steeper
slopes than those sampled and are very infrequent in water-
sheds such as the Clayoquot Valley that are >15 km from the
coast (Jakob 2000). Second, in subalpine meadow soils,
freeze—thaw processes and animal burrowing are important
mechanisms to fragment charcoal and move it into the min-
eral horizon (Carcaillet 2001). However, in the Clayoquot
Valley study area soils do not freeze owing to mild winters
(January mean temperature = 4 °C). It is also likely that
bioturbation is rare because these soils are wet and very
acidic, creating poor conditions for earthworms (Curry
1998) and other invertebrates (Paton et al. 1995). During
four summers of field sampling, soils never displayed evi-
dence of bioturbation by burrowing animals, and earthworms
were encountered very rarely.

The difference in MSDI between terraces and slopes is
consistent with tree uprooting as the dominant form of soil
disturbance in the Clayoquot Valley. On terraces, trees are
rooted in deep colluvium, reach greater heights than on
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slopes (>45 m), and may create large tip-up root plates when
windthrown, thus disturbing large areas of soil. Terraces
also have more evidence of pit-and-mound features than
slopes, consistent with their shorter MSDI. On slopes, the
very long MSDI may be partly due to smaller root plates and
less frequent windthrow overall. For example, western red-
cedar, a species that does not create large root plates when
uprooted (Pearson 2001), is more common on slopes than
terraces. The difference in MSDI is also consistent with
lower productivity on slopes (mainly cedar and hemlock for-
ests) than terraces (mainly hemlock and fir forest) that in
similar forests, has been attributed to the long-term benefi-
cial effects of tree uprooting on soil properties (Keenan et al.
1994; Bormann et al. 1995; Kramer et al. 2001).

Conclusions

An extensive set of soil charcoal radiocarbon dates from
Podzols in old-growth forest support the assumption that pe-
riodic soil disturbances are required to move charcoal from
organic into mineral horizons. With an additional assump-
tion that such severe soil disturbances occur as a spatially
and temporally homogeneous process, it is possible to fit a
simple model to charcoal radiocarbon dates to compute the
mean soil disturbance interval. This model had a strong fit
with a set of 141 radiocarbon dates (2 > 0.7) and estimated
mean soil disturbances intervals to be 920 years on terraces
and 2010 years on slopes. Other evidence from the study site
suggests that infrequent tree uprooting is responsible for
these long soil disturbance intervals.
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