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Loss and recovery of ecosystem carbon pools
following stand-replacing wildfire in Michigan jack
pine forests

David E. Rothsteln, Zhanna Yormakov, and Alllson L. Bueli

Ahstract: We used a T2-ycar chronosequence to stody the loss and recovety of ecosystem € pools following
stand-replacing wildfire in Michigan, USA, jack pine (Pirus banksiana J.amb.) forcsls. We quantified the amount of C
storcd in aboveground plant hiomass, standing dead timber, downed dead wood, surtace ofganic soil, and mineral soil
i 11 jack pine stands that had burmed between | and T2 years previously. Total ccosystom C ranged from a low of 54
Mg C-ha' in the 4-yenr-old stand to 110 Mg ¢-ha~! in the 72-year-old stand, Changss in tota! coosystem C aeross the
chronesequence conformed to theoretical predictions, in which C stocks declined imitinfly as decompasition of dead
wood and forcst-floor C exceeded production by regencrating vegetslion. and then increased asymptotically with the
development of a new stand of jack pinc. This pattern was well described by the followimg vgamma” function: 1otul
ccosystem C (Mgha™) = 1122 ~ 39.6 x uge® ™! % exp(-0.053 x age %), mean-corrected RZ = 0.976. Using the first
derivative of thix parameterized gamima function, we estimated that jack pine stands function 45 a weak source of C to
the atmosphere for only ca. 6 years following wildfire, and reach a maximim net ecosysier productivity of 1.6 Mg
Cha'-year ! by year 16. We attribule the rapid transition from carbon sourcc 10 carbon sink in these ccosystems 1o
two factors: (i) stand-repfacing wildfires in these xeric forests leave behind little respirable substratc in surface organic
horizons, and (i) jack pine is able to rapidly rcestablish following wildfires via serotinoos cones. Jack pinc atands te-
mained net sinks for C across the chromosequence; nowever. nct ecosystem productivity had declined to 0.12 ¢ hal-year!
by year 72. Carhon scquesitation by mature jack pinc ecosystems was driven primarily by continucd growth of
overstory jack pine, not by accumulation of detrital C.

Résumé : Nous avons utilisé une chronoséquence de 12 ans pour étudier la perie cf la réeupéragion des pools de C
dans 1"écosysteme apres un fen gui a entrainé lo remplacement du peuplement dans les fordts de pin gris (Finus bank-
signa Lamb.} du Michigan, aux Etas-Unis. Nous avons quantifié la quantité de C emmugasiné dans la biomasse aé-
riennc des plantes, les arbyes morts debout. le hois mort au sol, le sol organique en surface ol le sol minéral dans 11
peuplements do pin gris qui svaient brilé cntre un et 72 ans auparavant. La quantité lotaie de © dans I"écosysitme va-
rigit de 59 Mg C-ha”! dans le peuplement 3g¢ de quatre ans 2 110 Mg C-ha~! dans le peuplement 3g¢ de 72 ans. Les
variations dans la quantité rotale de C dans I'écosystéme pour Pensemble de la chronoséquence corvespondaicnt aux
prédictions théoriques sclon lesquelics la guantité de C diminue imitialernent alors que a décomposition de C dans le bais
mort ol {a couverture morle excede la production par la végétation qui se régénere ot eilc augmente par 1a suite de fagon
asymptotigque avee le développement d'on nouvean peuplement de pin gris. Ce comporiement ¢érail. bicn dfcrit par lu fone-
fion gamma suivantc : quantité totale de C dans Pécosysteme (Mg-ha™'y = 1122 - 39,6 % age™ x exp(-0,053 X fpemh oMy,
R? moyen corrigé = U.976. A P'side de la premidre dérivée de cefte function gamma paramétrée, nous Avons estimé gue
Jes pouplements de pin pris constituent upe fajble source de C pour !"atmosphere pendant approximativement six ans
aprds un fou et atteignent unc productivité nette de I'écosysteme maximum de 1.6 Mg Chatan! vers 'age do i ans.
Dans cos écouystdmes, NOUs attribuons la transition rapide dec source A puits de C i dewx facteurs : (i) aprés &ire piassEs
dany ces fordts xériques, Jes feux gui entrainent le remplacement d'un peuplement laiusent pou de substrat respirabrle
dans les horizons organiques de surface et (if) lc pin gris est capable de s'Etablic 3 nouvcau rapidement aprcs un fou A
cause de ses cOnes sérotineux. Les peuplements de pin gris sont demeurts un puits net de C pour P'enaemble de la
chronoséquence. Cependant, la productivité netee de 1'écosysteme avait diminué 2 0,12 Mg Cha! an™' rendu & 72 avs.
La séquestration du carbone par les petplements matures de pin aris était surtout dve & la croissance comtinuc des pins
gris dans 1'élage dominant, non A I"accumulation de C dans les déchets.
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The role of forests and forest management in the global
carhon cycle is incrcasingly of concern to scicntists and pol-

D.E. Rathstein‘,‘ Z. Yermakov, and A.L. Buell. Forestry icy makers (Dixom et al. 1994; Houghton 1996, Murray et al.
Department, Michigan State University, E. Lansing, MY 2000; Schulze et al. 2000). In particolar, the advent of mter-

488724-1222, USA.

pational agrcements to regolare total © emissions places a

Corresponding wuthor {e-matl mothste2 @msh.odu). : greater emphasis on our ability to accurntely quantify: (i) re-
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gional and national C stocks in farest ecosystems, (if) re-
gional and natiopal fluxes of € between forest ecosystems
and the atmosphere, and (iif) the effects of disturbance (nat-
ural and anthropogenic) on C stocks and fluxes,

Fire is the predominant natural disturbance agent across
much of the temperatc and boreal region (Spurr 1964), and
reseurchers are increasingly recogmizing the potential for
changing fire regimes to impact global patterns of C cycling
{Kasischke et al. 1995; Fearnside 2000; Harden et al. 2000).
Fire influences stand-level C dynamics directly by convert-
ing biomass to atmospheric C, and indirectly by initinting
succossional changes in the balance between production and
decomposition. At the landscape scale, fire regime deter-
mines net C storage and exchange through its control over
the distribution of stand ages (Kasischke et al. 1995), To ac-
corately predict the effects of changing fire rcgimes on fu-
ture stocks and fluxcs of C from fire-dependent ecoSystems.
we neod a better understanding of the direct and indircet ef-
fects of fire on stand-level C dynamics.

At the stand level, fire produces an immediate transfer
of a portien of total ccosystem C to the atmosphere
through direct combustion, However, the amount of C di-
rectly lost to combustion js typically small relative 10 total
ecosystem C, but can range from 5% to 25% depending on
ccosystem type and fire conditions {Auclair 1985; Stocks
1989; Dixon and Krankina 1993; Kasischke ct al. 2000a).
Fire also results in indirect emissions of C by altering the
balance between production and decomposition, thus con-
verting forest ecosystems from C sinks to C sources. Veg-
otation mortality associated with wildfire drastically
reduces net primary productivity (NPP) and creates a
large pool of deirital C susceptible to decomposition. Fur-
thermorc, removal of the forest canopy can increase soil
icrperature, reduce Wanspiration, and preduce a flush of
nutrients stimulating decomposition of wildfire-generated
detritus and soil organic matter (Dixon and Krankina
1993: Kasischke et al. 2000b; Q’Neill et al. 2002). The
rate of C flux after wildfire, as well as the duration over
which a burned forest functions as a C source, will depend
on the amount of organic mattcr retained, changes in
postfire microclimate, and the lag time in NPP as a new
stand regenerates. Many modeling studies assume that C
releage from postfire decomposition exceeds that released
hy dircct combustion (Dixon and  Krankins 1993:
Kasischke et al. 1995; Pearnside 2000); howevcr, empiri-
cal data quantifying the long-term effects of wildfire on
total ecosystem C budgets are scant {cf. Wirth ¢t al.
2002).

At the landscape level, firc affeets C dynpamics primarily
through its control over stand age distribution. Traditional
ecological theory holds that mature forest ecesystems rcach
a stcady atate with respect to biomass in which gross pri-
mary production = autotrophic + heterotrophic respiration
(Odum 1965; Chapin et al. 2002}, This suggests that fire
may be viewed as a rejuvenating factor, increasing the sink
strength of forest ecosystems by replacing old, slow-growing
stands with young, actively growing ones. Howcever, more
recent research has shown that older forcsts may remain ac-
tive sinks for C, if they continuc 10 accumulate C in woody
debris, forest-floor detritas, and soil organic matter (Schulze
ct al. 2000; Hatmon 2001). The net effect of fire frequency
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on landscape C balance will depend on the halance between
the lose of C duc to direct combustion and accelerated de-
composition, and increascd ratcs of sequestsation due to en-
hanced NPP. '

We used a 72-year chronosequence 1o c}ucu:l.ate
successional patterns of C loss and recovery following wild-
fire in the jack pinc forests of northern Lower Mlchxgan‘
USA. The jack pinc forests of this arca provide an 1d|.331 e
vironment for chronosequence studies, because climatic,
edaphie, and floristic variation is held to a minimum. We
uscd this chronosequence to address the following specific
research questions:

« What is the net Joss of C in the ycars immediately fol-
lowing wildfire?

« For how long after wildfire arc jack pine ecosystems a
net source of C to the atmogphere?

» What is the role of detrital pools in driving ecosystem C
balance through stand recovery?

» Do older jack pine stands contintie to scquester C?

Materials and methods

Study sites

All of our study sites were located within a 240-km” area
in the Highplains district of northern Lower Michigan (Ta-
ble 1). This region is characterized by a harsh, continental
climate with a short growing season (82 days) and cold tem-
peratures (mean annual temperature = 6.3 °C) (Albert et al,
19%6). The landscape of this region consists of glaciofluvial
features including broad, outwash plains interspersed with
steep ridges compased of finer-textured jce-contact deposits
{Albert et al. 1986). Soils in thc outwash plain are domi-
nated by acidic, excessively drained, poorly developed sands
of the Grayling series (Werlein 1998). Jack pine has been
the dominant vegctation of the outwash plains since priar to
Furopean settlement (Comer ct al. 1995). The combination
of exceedingly dry conditions, flat topography, and highly
flammable vegctation resulted in a presetlement retusn in-
terval of stand-replacing wildfires of 30-80 years (Simard
and Blank 1982; Whitney 1986).

In April and May 2002, we devcloped a chronoscquence
of 11 wildfirc-regenerated jack pine stands thal burned in
2001, 2000, 1993, 1995, 1990, 1988, 1980, 1975, 1966, 1950,
and 1930. We used firc reports from the United States De-
partment of Agriculture — Forest Service and Michigan De-
partment of Natural Resources to develop a list of candidate
fires of at Icast 80 ha that occurred within the previous
40 years. We then vsed field scouting to eliminate areas that
shawed cvidence of planting, salvage logging, or that were
less than 90% jack pine basal area, However, we were un-
able 1o locate sites in the 20- to 30-year range that had not
been salvage logged following wildfire (see Discussion be-
low). The two oldest stands were located using United States
Department ol Agriculture — Forest Scrvice compartment
maps followed by ficld surveys to validate that stands were
even-aged jack pine with no evidence of planting (i.e., tree
rows or furrows), which we assume to have been of wildfire
origin. Jack pine's extremc shade intoferance and depend-
¢nce on wildfire for regencration (Byre 1938; Simard and
Blank 1982: Cayford and McRae 1083), together with the
high frequency of wildfircs in this arca, suggests that any
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Table 1. Age. location, vegetation, and soil properties of chronosequence sites.

Nete: ND, no data,
YYack pine basol aeea / rotal arand basel area) » 100,

E Age (ycars) Lat. (N) Long. (W) % jack pine®  Stem density® A horizon pH®  Gravel band?  Silt 4 clny (%)
i 1 44730 8416 ND ND 423 No 1
¥ 2 44°36'  R4°O0 ND ND 419 No 10
b 4 44928 84°20 ND ND 433 No 7
) 7 44730 R4OTH 97 10 741 4.24 Yes 18
i 12 44°43  84°29 29 2 755 4.05 Yes 7
4 14 42T 84416 100 2 585 4.26 Yes 10
i 2 44736 84°% 100 7040 4.34 No 9
4 27 44043 8425’ 100 1564 427 No 8
4 36 44006 84°14 100 4149 411 Yes 8
% 52 44233 a1’ 9% I 326 3.86 No 8
3 72 44°34° w424 99 1530 377 No 9
)

"Live, overstory trees (no.ha™™).
“In 1:2, soil-water paste.

*Yeg indicates the presence of ot least one subsurface horizan with >10% comrse fragments by mass.

“In wprper B horizon.

. other scenario for stand establishment i9 exceedingly un-

likely. At each site, we identified an area (betwecn ! and
2.5 ha) of uniform terrain, with no evidence of human dis-
turbance, which contained no unburned patches of forest,
and that met all of the criteria outlined above, which we
hereafter refer 1o as a stand, Within each stand, we located
three parallel, 60-m transects using random start poinis
(stratified along the long axis of the stand) for all soil and
vegetation sampling.

Vegetation C pools

We quantified C associated with vegetation in the follow-
ing pools: live overstory, understory shrubs and herbs, fine
roots, standing dead trees, and dead wood (standing and
downed). We estimated dry biomass for each poal using a
variety of techniques and then converted biomuss to C stocks
using a constant carbon:biomass ratio of (0.5 (Linder and
Axclsson 1982; Coomes et al. 2002). We goantified C pools.
in living trecs only for stands aged 7 years and older. Jack

pine regeneration in stands less than 7 years old was all vn-

der 30 cm in height and was not accounted for in our C bud-
gets. At stand age 7, jack pine regeneration ranged from 50

to 120 cm in height. At this stand, we measured heights of |

all trees within three 3 m x 6 m plots. We then harvested
five trees ranging in height from 42 to 134 cm to develop a
regression equation predicting dry biomass from height (bio-
mass (kg) = 0.0014 x exp(0,039 x height (cm)): B2 = 0.994).
For sites aped 12, 14, 22, 27, 36, 52, and 72 years, we mea-
sured diameter at breast height (DBH; 137 m) for all trees
focated within three 7 m x 14 m plots (located at random
points along each transccf). We used allometric equations
from the literature to estitate total aboveground hiomass as
a function of DBH for each living tree. We used the equa-
tions of Perala and Alban (1993) to estimate total above-
ground biomass of jack pine and the few rcd pine (Pinus
resinasa) we encountered, These arc composite equations
derived from three sites in Minnesota and onc in Upper
Michigan (Perala and Alban 1993). We used a genéral hard-
wood equation from Whittaker and Marks (1975) to estimate
hiomass of northern pin oak (Quercus ellipsoidalix),

We collected three soil cores (5.08 cm in diameter X 10 cm
deep) per transect in July 2002 for the determination of fine
root biornass. We hand picked all roots <2 mim in diameter,
brushed them free of soil particles, and determined thejr
ovendry (65 "C) mass. We sampled understory vegetation in
August 2002, by clipping the ahoveground portion of all
grasses, forbs, shrubs, ferns, mosses, and lichens from two
0.25-m? plots randomly located along cach transect. Samples
were composited by transect and oven-dricd and weighed to
determine mass per unit area.

We measured every standing dead tree and every piece of
downed wood in three 7 m x 14 m plots in each stand. We
estimated the mass of standing dead trees {rom their DBH as
1o1ai aboveground hiomass less foliage mass from the allo-
metric equations of Perala and Alban (1993). This approach
assumes that the little or no branch or bark biomass is con-
sumed by fire (Stocks 1989} and that all foliage is killed. We
did not attempt to account for chanpes in mass associated
with decomposition of standing dead trees, so that our re-
snlts Jikely err on the side of overestimating standing dead
biomass. ' o

We measured cvery piece of downed wood in cach plot
that was >5 cm in diameter at the largest end. For cach
piece, we measured total length, and made two, orthogonal
diameter measurements at each end, For any piéce that ex-
tended owtside of the plot, we measured length and diameter
at the plot border. We assigned ench piece to onc of three de-
cay classes: (1) bark intact, (2) bark and twigs lost, but wood

.sound, and (3) shape maintained, but wood yielding to pres-

sure. Woody debris whose shape was lost was considered
forest-floor material and sampled as described below, Diam-
eter and length measurements were converted to volumes ns-
ing the formula for a frustem of a cone (Wenger 1984). We
cut samples of cach decay class from cach plot to determine
density using volumetric displacerment of water and ovendry
mass {63 "C). Densitics of downed wood decay classes were

378.5 (+38.4), 330.4 (£26.5), and 145.4 (x14.3) kg-m™ for '

decay classes 1, 2, and 3, respectively, Total dry biomass of
each plot was calculated as the sum of the volume of cach
piece multiplied by the apprapriate densily convorsion.

© 2004 NRC Canada
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Soil C pools

We separated soil into three pools for our C inventorics:
forest floor (O horizons), mineral soil to a depth of 10 cm
(A horizon), and minera soil from 10 to 100 cm. We sam-
pled the forest floor in November 2002 vsing a 625-cm?
sampling frame, at three or four random locations per tran-
sect. This material was composited by transect and
oven-dried and weighed to dotermine mass per unit area. A
ca. 50-g subsample of each composited sample was ground in
a Wiley mill to pass a 20-mesh screen, and then further
subsampled and analyzed in duplicate for C concentration
on a Carlo-Erba NA1500 elemental analyzer {Carlo-Erba,
Milan, Ttaly). We collected three sail cores (5.08 cm in di-
ameter x 10 cm deep) per transect in July 2002 for the deter-
mmination of A horizon C concentration, Soil cores were
composited by transect, subsampled, pulverized in & hall mall,
and then analyzed in duplicate for C concentration on the
NA1500. Additional cores (one per transect) were collected
using a sleeve-core sampler (Soilmoisturc Equipment Corp.,
Santa Barbara, Calif.) for the determination of A horizon bulk
density in November 2002, Total C in the top 10 cm was cal-
culated for each transect as the product of C concentration
and mass of soil contained in that layer. We estimated C
stored in subsurface mineral soil by digging a single soil pit
at each site. Within each soil pit, we distinguished genetic
horizons, based primarily on variation in color, to a depth of
1 m. We measured the thickness of each horizon. collected
samples for the detcrmination of bulk density (sleeve-corc
sampler), and collected additional samples for the determi-
nation of C concentration, We passed C concentration sam-
ples through a 2-mm sieve to determine the percentage of
coarse fragments (by mass), and determined texture on
sicved soil using the Bouyoucos hydrometer method (Gec
and Bander 1986), Subsamples of sieved soil from each ho-
rizon were pulverized in the Kicco ball mill and analyzed for
C concentration in duplicate using the NA1500 elemental
analyzer. We calcolated C storage (g-m“z) for each horizon
individually, based on C concentration and bulk density {cor-
rected for coarse fragments), and then summed these to esti-
mate total subsucface soil C.

Data analysis .

Stand was the level of replication, with an n of 3 for
within-stand replication (transect) for all C pools except
subsurface soil. Changes through time in C sequestration in
particular pools and in the entire ecosystem were analyzed
by regrossing stand means against age since stand-replacing
wildfire. Where data conformed 10 a priori theoretical pre-
dictions. we specified model equalions using least-squares
nonlinear regression. We specified the Richard’s function
(Cooper 1983) to describe the recovery of live overstory o~
mass e

[1] OB, =0B,, [1 - exp(—ar}] b

where OB, represents the overstory biomass at lime ¢, OB,
represents the potential maximum overstory biomass, 1 is
time (ycars) since stand-replacing wildfire, 2 1s a parameter
controlling the rate of biomass accumulation, and b is a pa-
rameter controlling the infleetion point of the curve, We
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specified the gamma fonction (Covington 1981) for for-
est-floor C and total ecosystem C as

2] C,=a+btfexp{dr®)

where €, is the amount of C stored at time 1, ¢ is time in
years since stand-teplacing fire, and a, b, ¢, d. and e are pa-
rameters defining the shape of the curve. Essentially, the
term br° determines the rate of decline in C stock immedi-
ately following disturbance. then, as the term exp(dr ) ap-
proaches zero, C stock increases towards the asymptole, a
{Covington 1981). All regression analyses wero conducted
asing SYSTAT (version 10) for personal computers.

Resulls

Chronoscquence characteristics

“The successful application of any space for time substitu-
tion requires that all factors other than age are held as con-~
stant as possible, Overall, we found stands along this
chronasequence to be nearly uniform in vegetation and soil
characteristics (Table 1). All stands werc dominated by jack
pine, with some scatrered individuals of northern pin oak
(Quercus ellipsoidalis) and red pinc (Pinus resinosa). Soils
across the chronosequence were excessively well drained.
acidic sands of the Grayling series (Typic Udipsamments;
Werlein 1998). We did observe variaiion among stands in the
presence or absence of gravel bands within the profile (Ta-
ble 1). These textura! discontinuities result from variations
in the velocity of water during parent material deposition
and may slow drainage from the profile, potentially improv-
ing soil water holding capacity. The 7-year-old stand was
distinet from all others in that it had both gravel banding and
markedly finer texture than the other stands (Table 1). We
also observed varation among stands in the density of the
jack pine stand that regenerated postfire (Tuble 1). Clearly,
the general decline in jack pine demsity with stand agc re-
flecks self-thinning processes; however, within this general
decline we observed three stands (12, 14, and 27 years),
which had densities markedly lower than others of similar
age.

Vegetation € pools

The accumulation of C in living vegetation across our
chronosequence followed a classic sigmoidal pattern with
slow accurnulation in the cstablishment phasc, a period of
rapid accumularion between ca. 10 and 30 years, and then a
decline in the rate of accomulation approaching an asymp-
tate of 53 Mg C-ha™' (Fig. [A). This pattern of C storage by
living vegetation conformed well to the Richards function
for logistic growth: vegetation C (Mg-ha™') = 53.05 x (1 —

exp(-0.063. x age))***": mean-corrocted R = 0.973; P <

0.001. Herbaceous plants and shrubs dominated vegelation
carly in the chronasequence, but overstory trees accounted
for >90% of all C in live vegetation from year 14 onward
(Table 2). Ground vegetation was dominated by svoall-statured
shrubs  such as  Vacciniwm  angustifolium, Compionia
peregrina, Prunus pumila, and Arctostaphylus wva-ursi. In
addition, we found Yarge amounis of Carex pennsylvanica,
Preridium aquilinium, and assorted mosses and lichens, At

@ 2004 NRC Canndn
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Fig. 1. Carbon content in (A) living vegetation and (B) dead
wood as a function of time since stand-replacing wildfire. Dead
wood includes both atanding dead trecs and downed dead wood.
Symbols represent stand means (x1 SEin = 3), and the curves
reprosent nonfincar regression lines described in the text. Dead wood
C for stands aped 22 and 27 are represented in gray to indicate
that these polots were cxelnded from our regression analysis.

» (A) Live Vegetation

(B) Dead Wood

Vegetation C (Mg/ha)
LA -~
<o LR
t &

25

0 - i B ] ‘ _ i
0 20 40 60 80

Stand Age (years)

ne point along the chronosequence did we observe regenera-
tion by shade-tolerant iree species.

Carbon storage in dead wood followed a pattern opposite
that of live vegetation, declining from a peak value of 31
Mp-ha™' at year 1 to a minimum of 0.5 Mg-ha™! at year 27,
and then increasing slightly in mature stands (Fig. 1R). Dead
wood in young stands was dominated by trecs Killed in the
stuncl-originating fire, whereas dead wood of postfire ongin
did not mccumulate in apprecisble quantities until ca.
3(t years after stand estabiishment, Downed wood dominated
the dond wood C pool in the middle of the chronosequence

14434822286 Mar.
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{years 7-36), whereas C in standing dead trees excecded that
in downed wood in young (<7 years) and old (>36 years)
stands. The extremely low valucs for dead wood at stands
aged 22 and 27, coupled with the prosence of out stumps
(lacking fire scars) at stand age 27, suggested that salvage
lopging occurred at thesc sites. We described the decline in
dead wood C storage (excluding salvage logged stands 22
and 27) through timc using an cxponential decay model
dead wood ¢ (Mpha") = 2739 x exp(-0.096 x age);
mean-corrected R? = 0.683; P < 0.001.

Soil C pools

Forest-floor C followed the gencral pattern outlined by
Covington (1981), in which forest-floor mass declines carly
in stand development as the rate of decomposition exceeds
the rate of litter production and then accumulates towards an
asymptote fater in stand development (Fig. 2A). We found 2
very low amount of C in forcst floor in the 1-year-old atand
(ca. 1/3 that of mature stands), suggesting significant con-
sumption by wildfire. Forest-floor C continued to decline
until ca. 12 years, at which time forest-floor C increased
rapidly towards an asymptotic value of 12.5 Mgha'. The
single exception to this gencral pattern was the T-year-old
stand, which had a forest-floor C content equivalent 1o that
of the mature stands on this chronoscquence. This stand ap-
parently differed from ail others in ferms of moisture rela-
tions. as indicated by the presence of gravel bands and finer
soil texture (Table 1). More mesic conditions may have in-
fluenced current forest-floor mass by limiting initial losses
to combustion, increasing the rate of recovery due to greater
shrub production, or some combination of the two. Thus, we
excluded this stand to fit patterns of forest-floor C storage to
the gamma function of Covington (1981): forest-floor C
(Mgvha”) = 12.59 — 9.04 x age™'¥ x exp(-0.00004 x
2gc®"): mean-corrected R? = 0.926; P < 0.001.

In contrast with the forest-floar pool, we observed a weak
decline in surface soil C content across the chronoscquence
(Fig. 2B). Despite higher stand means at intermediate-aged
sites, this decline was best descrihed (lowest sum-of-squares
residual) with a simple lincar regression: C (Mgha™') =

24,17 - 0.0617 x age; R2 = 0.295; P = 0.049, Carbon storage

in the subsurface soil also peaked at intermediate stand ages,
but in this case we found no statistically significant linear or
nonlinear trend with time (Fig. 2C). A secand-order polyno-
mial model did provide a marginally significant fit to the
data: C (Mg-ha™') = 15.749 + 0.466 x age — 0.0064 x age?;
R = 0.401: P = 0.053, Thus, total C storage in soil increased
slightly through the first ca. 15 yenrs of secondary succes-
sion, while the proportion stored in surface organic horizons
increased from that point Torward with little or no change in
total soil C stomage (Fig. 3).

Net ecosystem C dypamics

The sum of changes in individual C pools across the
chronoscquence gave rise 1o a patiern of total ccosystem C
storage that was well described by the gamma function of
Covington (1981) (excluding stand age 7): total ecosystem C
(Mg-ha™') = [12.2 - 39.6 % age®! x exp(-0.053 x age’ ™),
mean-correcled B2 = 0.976; P < 0.001. Total ecosystern C
decreased from 75 Mpg-he™? at yeor 1 to an estimated mini-
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Table 2. Pools of C found along 72-year jack pinc chronosequence.
Age (years)  Soit (20-100 cm) Soil (0-10 cm}  Forest floor ~ Dead wond  Fine roots  Understory  Overatory

1 14.3 23.7+1.4 4,2+0.7 n6+1.0 1.3x0.6 0.5:£0.2 ND

y 16.8 23,7430 1.4:20.5 19.6%1.8 5.3%1.3 12401 ND

4 21.0 21.1+2.4 1.520.7 12,7472 1.6+0.2 1.0+0.2 ND

7 14.9 23.5+1.5 10,1233 16.046.6 36203 2.040.4 0.4+0.2
12 20.6 26.0::2.6 1.240.5 9 4+:4.4 3.240.1 1.2+0.2 29308
4 23.3 27.0£4.6 1.920.2 6.9+2.5 2.3£0.6 0.62:0.2 10.4£1.9
22 21.5 22.3%3.2 3.2+03 1.0£0.4 3.9+0.4 0.6+0.2 25.125.3
27 28.7 22.140.5 3.8£0.5 0.5x003 2.4£0.4 2.4x0.5 24.0+4.6
36 19.3 21,017 12.920.4 510213 22203 0.520.1 40,417
52 232 19.2+2.6 P1.8x1.4 4.8+1.% 1.8+0.8 0.7:03 43.543.0
72 i6.1 20.843.1 124420 1.743.8 1.920.6 1.7+0.3 48,8182

Mote: Values swe roens = § SE, and all values are in units of My Ciha™'. No exror catimation is given for mineral soil owing o a sam-

ple size of 1, ND, no data.

mmum of 59 Mg-ha™! by year 6 (Fig. 4A). From this point for-
ward, jack pine stands accumujated C  across  the
chronosequence, approaching an estimated maximum stor-
age potential of 112 Mg C-ha™', The large amount of C in
the forcst floor at stand age 7 had a strong influence on our
cstimated minimum value for ecosystem C storage, and 30
this data point was excluded from paramcterization of the
gamma function. Including stand age 7 resulted in a slightly
poorer fit to the data (R* = 0.953) and increased the esti-
mated minimal C storage to 64 Mg C-ha™'. We took the first
derivative of the parameterized gamma function to describe
the rate of change of ccosystem C storage across the
chronosequence, yielding an estimate of net ecosystem pro-
ductivity (NEP) through time {Fig. 4B). This indicates that
jack pine srands along this chronasequence were a source of
C to the atmosphere for the first 6 years following wildfire.
From this point forward, NEP was positive, reaching a maxi-
mum value of 1.6 Mg C-ha'-year™ at year 16 and then de-
clining 1o a low of 0,12 Mg Cha~'-year™ by year 72.

Discussion

Overall we found that patterns of ecosystem C swrage fol-
lowing wildfire conformed well to theoretical predictions
(Odum 1969; Chapin et al. 2002): jack pine ecosysiems
were initially a C soarce following wildfire as decomposi-
tion exceeded production, they then transitioned to strong C
sinks as youong stands prew vigorously, and then scquestra-
tion slowad ag stands matured, Based on our regression anal-
ysis of total ecosystem C against stand age, we estimate that
jack pine stands along this chronosequence rcmain a net
source of C to the atmosphere for only 6 years following
wildfirc, losing n total of 16 Mg C-ha™' over this period. Al-
though we do not have estimates” of direct losses of C to
combustion, Simard et al. (1983) estimated an average con-
samption of 10.6 Mg C-ha™ from mature jack pinc in north-
ernp Lower Michigan, and Stocks (1989) estimated an
average consumption of 5.9 Mg C-ha'' [or mature jack pine
in Ontaric, Canada, Thus our chronosequence data support
the idea that C losses from postfire decomposition can ex-
ceed dircct losses from combustion {Dixon and Krankina

1993; Kasischke et al. 1995; Fearnside 2000. Wirth et al.
20002).

As expected, this loss of C early in our chronosequence
was driven by the loss of C from dead wood left behind fol-
fowing fire. We observed only a slight decline in C stored in
surface organic horizons (Fig. 2A) presumably owing to
near complete combystion by wildfire (Simard ot al. 1983),
While we did observe a weak decline in C stored in A hori-
zon soil over the entire chronosequence (Fig. 2B), this likely
reflects a redistribution of C through succession, rather than
a net loss. Early in the chronoseguence soil pH ia elevated,
grarminoid biomass is high (Abramovsky 2003), A horizons
are thicker, and there is litle accumulation of surface or-
ganic matter. As the jack pine stands develop, pH drops
(Abramovsky 2003), A horizans become thinner, and or-
ganic matter accurnulates in surface horizons (Oe apnd Oa;
Fig. 3). In contrast with soil, wc observed a large (ca. 20 Mg
C-ha~') and rapid loss of C from dead wood pools over the
first 14 years of the chronosequence.

This rapid loss of C is of concern, however, becauge it ap-
pears to greatly exceed the decay rate of woody material in a
direct study of jack pine log decomposition in northern Min-
nesota (Alban and Pastor 1993). In fact, the exponential de-
cay constant of ~0.096 from our regression of dead wood C
agrainst stand ape is more than double the -(1.042 empirically
determined by Alban and Pastor (1993). However, the decay
rates we observed are not unprecedented in the lterature —
compare the 71% mass loss after 14 ycars observed in
lodgepole pine logs (Latho and Prescott 1999) with the 77%
decline in dead wood C from stand age 1 1o stand age 14
(Table 2). Overestimation of wood decay rates in this study
could have resulted from ecither systematic differences in
overstory biomass of preburn stands  across  our
chronosequence, or systemafic errors in our methodology for
determining dead wood C pools.

Our fundamental assumption is that declines in C stored
in dead wood over the first 14 years of our chronosequence
reflect the decay of fire-gencrated detritus over time. In gen-
eral, the older the preceding stand at the time it was burned
the more dead wood will be left following fire (i.e.,
Fig. 1A). Thus a systematic decrcuse in preburn stand age
along the chronosequence could result in.an overcstimation
of C losses from dead wood decay. To gain insighi into
preburn stand conditions, we compared the diameter diatri-
butions of all standing and downed dead trees in stands aged
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Fip. 2. Soil C content in (A) forest floor, {B) surface mineral
soil, and () subsurface mineral soil as a function of time since
atand-replocing wildfire, Symbols represent stand means (x1 SE:
n = 3), and curves reprosent regression lines described v the
text. Horest~floor C for stand age 7 is ropregented in gray to in-
dicate that this point was excluded from our regression analysis.
Subsurface soil C cstimates are from a single soil pit per stand,
therefore there ate no estimatos of within-stand variation,
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Fig. 3. Changes in the amount and distribution of soil C
with stand age. Mineral soil C includes both surface
(010 cm) and subsurface (10100 cm)} horizons. The differ-
ence between total and mineral soil C corresponds with the
amount of forest-floor .
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i~14 years (Fig. 5). Clearly, stand age 2 burned at a much
younger age (we know this to be 20 years) than the other
stands; however, there is no obvious trend among the re-
maining stands (in terms of median diameter they increase
in the order 1 < 14 < 4 < 12 < 7 years). This suggests that
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variation in preburn stand age is unlikely 1o have systemati
cally biased our estimates of C losses from dead wood
pools.

Two aspects of our methodology for calculating dead
wood C may have resulted in an overestimation of woody
debris decomposition: (i) our use of discrete decay classes
described by a single densily, and (i) our failure to sample
downed wood that had lost its shape. Whercas a single piece
of wood will lose biomass continuously through the decom-
position process, our use of average densities for particular
decay classes necessarily resulted in a stepwise decline
through time. Thus we would have underestimated the den-
sity of material that had rccently entered a particular decay
class and overestimated the density of material that had long
been in a particular deeay class. This could have resulted in
a large underestimate of dead wood C in stands aged 12 and
14, where significant amounts of decay class 3 first appeared
(data not shown). Another concern i that woody debris that
had lost its shape (i.c., beyond class 3) would have been in-
completely sampled with our sampling frame for surface or-
ganic horizons. Thus it is likely thar crrors agssociated with
cstimating dead wood biomass at least partially explain the
rapid loss of dead woond C through the first 14 years of our
chronosequernce.

How might any overesttmation of dead wood decay have
affected our calculation of C loss early in seeondary succes-
sian? To quantify this we used the k value of —0.042 empiri-
cally determined by Alban and Pastor (1993), and the
amount of dead wood in stand age 1, to model C loss over
time based on exponential decay, Even nnder this slower de-
cay scenario, stands remained a nef source of C fo the atmo-
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Fig. 5. Diameter distributions for all sianding and downed dend
trees in stands from 1 wo 14 years of age,

¥ig. 4. (A) Total ecosystem ©C content and (B) net ecosystem
productivity (NEP) ns a fanction of time since stand-replacing
wildfire. Syrabols in 4A represent stand means (21 SE n = 3),
and the curve represents the ponlinear regression line described
in the text. Total ecosystern C for stand ape 7 is represonted in
gray 1o indicare that this point was excluded from our regression
analysis. The eurve in 4B reprosenty rates of NEP through time
estimated from the first derivative of the gamma function de-

scribed in the text.
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sphere for 6 yéars, but declined 1o a minimum of only 65
Mg Cha™, or a net loss of 10 rather than 16 Mg C-ha™'.
However, stand-replacing wildfirc would also generate
belowground detritus in the form of dead coarse roots,
which would represent a source of C loss unaccounted for in
our methodology. To estimate potential error associated with
not accounting for coarse root decomposition, we estimated
the amount of dead roots in stand age 1 using the allometric
equation of Morrison (1974, 9 Mg C-ha™"). We then mod-
eled C loss from this pool using the decomposition constant

30 e T T
AGE N
201 .. srariinens n
= . -~ 4
5 —_— ]
) ; :
S H

Diameter

of ~0.0415 determined for coarse roots of lodgepole pine by
Yavitt and Fahey (1982). Again, these ealculaticns do not
change the timing of transition to & nct C sink, but rather in-
dicate an additional loss of 2 Mg-he™' over this period.

Overall, these calculations reinforce our conclusion that

postfire losses of C from northern Michigan jack pine forests
are relatively small and of short duration. Pearson et al.
(1987) came to a similar conclusion for Jodgepole pine
(Pinus contorta) forests in Wyoming, USA, where they ar-
gued that net negative C balance would only last a few years
following wildfire. In contrast, Wirth et al. (2002) found that
Siberian Scots pine (Pinus sylvestris) stands remained a net
C source for 12-24 years following stand-replacing wildfire,
Similarly, Kasischke et al. (1995) predicted that boreal for-
cits will remain net C sources for 25-37 years following
wildfire, depending on climatic conditions.

Why should Rocky Mountain lodgepole pine and Michi-
gan jack pine ecosystems have lower net C losscs following
disturbance than thesc boreal forests? Janisch and Harmon
(2002) have argued that the timing of transition from C
source 1o C sink depends on both the amount of respirable
substrate left on site, and the rate of growth by the regenerat-
ing stand. Borcal foreses will retain large amounts of C in
surface organic horizons that is susceptible to deccomposi-
tion, which should lead 1o large and sustained losses of C
following disturbance (Q'Neill et al, 2002, 2003). Although
jack pine is a boreal species, it occurs at the southern limit
of its range in Michigan on extremely xeric, sandy soils with
tinle capacity to store C. Thus the bricf period over which
jack pine stands served as a weak source of C can, in part,
be attributed to the loss of much of the easily respirable sub-
strate 1o direct combustion (Fig. 2A). In addition. jack pinc
and lodgepole pine are both strongly fire-adapted species
with seratinous cones allowing them to guickly reoccupy a
site following fire. thus minimizing the duration of any lag
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phase in NPP. In contrast, for species withont serotinous
cones, reestablishment is dependent on sced dispersal from
unburned patches of forest, potentially extending the lag pc-
riod for NPP,

Rapid establishment of jack pine seedlings, followed hy
rapid accumulation of biomass in the developing jack pine
stands, drove the transition 10 positive NEP carly in our
chronosequence. Thus we [ound that jack pine ecosystems in
Michigan reached a maximum NEP of 1.6 Mg C-ha~'-year!
at the relatively young age of 16 years, compared with Sibe-
rian Scots pinc ecosystems, which took over 50 years 1o
reach a maximum NEP of 0.6 Mgha ' -year! (Winh et al.
2002). Whereas juck pine NEP was much higher than that of
Siberian  Scots pine, it was lower than the 2.1 Mg
Cha'.year~ reported by Hooker and Compton (2003) for
Pinus strobus ecosystems in New England, and equivalent to
the 1.7 Mg C-hal-year™! reported by Law et al. (2003) for
Pinuy ponderosa ecosystemns in Oregon, USA.

Harmon (2001) and Schulze et al. (2000) have argued that
older forest stands may remain strong sinks for C becanse of
accumulation in soil and woody debris. Wherens the rapid
sccumulation of forest-floor C between years 10 and 36
made an important contribution to C sequestration during the
period of exponential jack pine growth, we found that tortal
soil C (inclading forest floor) rcached a steady state by year
36 and did not contribute to net C sequestration by older
stands. Accumulation of dead wood C appeared to increasc
in the older stands bur made only a small contribution 1o to-
tal ecasystem C storage by age 72 (7%), Thus NEP declined
from year 16 forward, so that older jack pine stands were a
relatively weak sink for C (NEP = 0.12 Mg C-ha~“year” ar
age 72). However, it is important to note that, because these
ccosystems occur only on extremely droughty and nutri-
ent-poor sites, there was cssentially no advanced regenera-
tion by shadc-tolerant tree species able to take advantage of
gaps formed by jack pinc mortality, Thus we would urge
caution in extrapolating these results to othcr environments.
In more mesic sites, we would expect to find significant
amounts of advanced regeneration by shade-tolerant species,
which would provide an important sink for C as overstory
trees begin to scnesce,

Our estimates of NEP are based on substituting space for
time, thus they depend on the critical assumption that sites
are equivalent in all biophysical, ecological, and historical
characteristics other than age. Bccause this assumption is
never fully met, it is important to evaluate factors that may
confound our estimation of successional changes in NEP.
Despite the apparcnt uniformity of soils in this area, previs
ous research has shown that subtle differences in texture in
outwash sands can sirongly affect jack pine productivity (Walker
et al. 2003; Kashian et al. 2003) and thus successional
changes in C accumulation. Ten of our i1 stands fell withjn
the range of 7%-11% silt + clay; however, stand age 7 ap-
peared to be an outlier having 18% silt + clay. To evalvatc
the ¢ffects of this unintended variation in soil texture on eco-
system C storage, we analyzed the residuals from our non-
linear regression of total ecosystem C against stand age, We
found that B horizon texiure cxplained ncarly 50% of the re-
sidual vardation from our regrossion including stand age 7,
but less than 5% of the residunl variation when we excluded
stand ape 7. These results sugpest that stand age 7 rruly is an
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outlier, and that variation tn soil ftexiure among the
remaining stands is unlikely to confound our space for time
substitution,

Whereas the broad outwash plains in this landscape pro-
vide little ohvious topography, several ecosystem classifica-
tion studies have shown that fandscape position can have a
strong effect on jack pine growth rates (Kashian and Rarnes
200K); Walker et al. 2003; Kashian et al. 2003). These studies
have shown that jack pine height growth is ca. 20% preater
on higher-level ovtwash torraces compared with fower-level
terraces, despite the fact that total clevation change may be
less than 20 m. Kashian and Barnes (2000) attributed these
productivity differences to cold air drainage, which creates
significantly colder microclimate in lower-level terraces.
Thus microclimatic variation associated with landscape posi-
tion could potentially confound our quantification of tempo-
ral changes in NEP. However, all of these studies have
demonstrated a strong relationship between forest composis
tion and microclimate, whereby northern pin oak is an im-
portant component on warmer sites and is virtvally absent
from colder microsites (Kashian and Barnes 2000; Waller et
al. 2003; Kashian et al. 2003), Thus we argue that by cxplic-
itly avoiding sites with a significant northern pin oak com-
ponent, we havc likely avoided confounding variation in
microclimate. However, this does sugpest that our estimates
of NEP may be at the low end for jack pine forests of this
arca, because we sclected stands more likely to occupy
colder microsites.

Stand densiry is anather important factor that is known to
affect productivity and thus patterns of € accumulation
through secondary suceession. We found wide variation in
stand density along our chronoseguence (Table 1), Clearly
some of this variation is deterministic, Le., an overall decline
in jack pine density throvgh succession due to self-thinnin
However, there also appears 10 be a substantial amount of
stochastic variation in density, likely related to cone crop on
the preceding stand at the time of wildfire, conditions for
seedling establishment following wildlire, ete. In particular,
the six young stands, in which we quantificd jack pine C
pools. fall clearly into low-density (12, 14, and 27 years)
and high-density (7, 22, and 36 years) groupings (Tabls 1),
Previous studies on jack pine (Hegyi 1972) and the closely
related lodgepole pine (Litton ¢t al. 2003) have shown that
rotal biomass of young stands incrcases markedly with in-
creases it stocking density. The variation in stocking density
that we observed will not affect our interpretation of C
losses in the first years after fire, becavse tree C is an insig-
nificant portion of total ecosystem C (ie., <1% at age 7).
However, uncontrolled variation in density may influence
our estimation of C accumulation Inter in secondary succes-
sion. Notc that the exponential phase of jack pine growth is
anchored at the low end by a low-density stand (12 years)
and at the high ¢nd by a high-density stand (36 years). This
suggests that our estimate of the rate of C accumulation dur-
ing this phase (Fig. 4B) may be biascd high.

A final source of potential crror in our estimation of
successional changes in NEP comes from our usc of re-
gional, rather than locally derived, allometric biomass equa-
tions. To assess the potential error associated with this, we
compared jack pine C pools across onr chronoseguence cal-
culated using six diffcrent allomctric equations for jack pine
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derived from areas throughout the northeastern USA and
Canada (in Ter-Mikaclian and Korzukhin 1997). We found
that the coefficient of variation among all six equations for
tree biomass declined across the chronosequence from 18%
at stand age 12 to 16% at stand age 72. This suggests that
the potential error assaciated with using an incorrect
allometric equation would be at most 0.06 Mg Cha™' at
stand age 12 (0.1% of ccogystem total) to 7.5 Mg C-ha*' at
stand age 72 (7% of ecosystem total). Qur actual error from
not using a site-specific biomass cquation is likely to be less,
however, because much of the variation in estimates came
fromn a single cquation from New Brunswick (Macl.ean and
Wein 1976), which was congistently lawer than all others.
Dropping this equation reduced the coefficient of variation
to 9% at stand age 72.

Conclusions

The uniform soils, climate, and vegeration of thesc north-
srn Lower Michigan jack pine forests provide an excellent
environment Lo ulilize space for time substitution to test the-
oretical predictions of ecosystem responsc to disturbance.
Overall, we found that jack pine ecosystems along this
chronosequence function as 4 weak source of C following
wikdfire, but rapidly switched to a nct sink after ca. § years.
Repenerating fack pine ecosystems reached their maximal
rate of NEP at a relatively young age of 16 years, and then C
sequestration declined from that point forward. Mature jack
pine ecosystems remained weak net sinks for C; however,
sequestration was driven primartly by conlinued growth of
overstory jack pine, not by accumulation of detrital C.
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