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Perspectives on the age and distribution of large
wood in riparian carbon pools

Richard P. Guyette, William G. Cole, Daniel C. Dey, and Rose-Marie Muzika

Abstract: Most knowledge of carbon budgets is derived from the productivity and seguestration of carbon in terrestrial
and marine ecosystems. Less is known of carbon stored in riparian areas associated with Jakes and rivers. Case studies
of the age distribution of carbon in aquatic large wood (C,,) from two dilferent fandscapes with different drainage
patterns were established using tree-ring and M dating. Cumulative negative exponential distributions of the age of
C,,, vaged over periods from 1000 to 9485 yewrs. Large woody debris had mean residence times of 261 years in small
oligotrophic fakes and 350-800 years in 2 stream reach, Large wood can reside for an order of magnitude longer in
freshwater—riparian ecosystems than in comparable above-ground terrestrial ecosystems. Although riparian areas make
up only a small fraction of most landscapes, they may account for a relatively larger proportion of aged Cy, than is
stored above ground in terrestrial ecosystems.

Résumé :

La connaissance des budgets de carbone provient en trés grande partie des études sur ta productivité et la séguestration
de carbone dans les éeosystémes terrestres et maring. On posséde moins de donndes sur fe carbone emmagasing dans
les zones ripariennes des lacs et des rividres. Nous avons procédé i deux études de cas de la répartition du carbone
dans du bois de grande taille (Cy.) en milieu aquatique, dans deux paysages différents 4 structures de drainage distine-
tes. A I'aide de datations basdes sur les anncaux de croissance et sur le ¥*C. La distribution cumulative exponenticlle
négative des Ages du Gy, s"étend sur des périodes de 1000 & 9483 années. Les débris ligneux de grande taille ont un
temps de séjour moyen de 261 ans dans les petils lacs oligotrophes et de 350 & 800 ans dans une section de cours
d'eau. Le bois de grande taifle peut demeurer 10 fois plus longtemps dans les écosystémes d’eau douce et les €cosyste-
mes riparicns que dans fes écosystémes terrestres dpigées comparables. Bien que les zones ripariennes ne représentent
qu'une faible fraction de la plupart des paysages, elles peuvent contribuer une proportion relativement plus importante
du Cy, que cetle qui s'accumule au-dessus du sol dans les écosystemes testestres,

fTraduit par ta Rédaction}

Introduction merged or buried environments. This wood may represent a
. . . . distinet type of carbon sink and can be an important source
; Detspltedwns_il(‘lcr;)b.le k“?""{T‘g?‘)gg.‘*‘i{fb“nafc‘) "'Ei”‘l;c’;ggf of aged particulate organic carbon in river systems (Becker
’;)'resg an tfc;! ?9(96”“;'[3 (/'li-' - (udies E'm(‘f {“1. dt'-t‘ ely 1993; Raymond and Bauer 2001), low-density substrate for
(llt;m org E;h‘l' N d')’t ."bwt'. anyfs(;lc Mi .‘iw ?U‘kn1E ‘}“V;y invertchrates (Culp and Davies 1985: O’Conner 1991
; ; iy . ¢ storage . i :
addressed the age distrioution ol L. and 1ls slorage W (fe Bowen et al. 1998), and aquatic structure and habitat
dead, large wood (>25 cm in diameter) associated with . o -
- . o o o (Mallory et al. 2000,
aquatic—terrestrial ecotones. While C storage in forests is of-
ten limited by the relatively rapid decay of wood after the
death of a tree, C assimilated in rees thatl enter aquatic sys-
tems as large wood (W) often decays very slowly in sub-

We assessed the age distribition of carbon sequestered in
LW by sampling aquatic LW (>23 cm diameter) in two types
of riparian ecotones: freshwater lake littoral zones adjacent
to Pinus-Tsuga-Thuja forests in the Michigan—Huron and
Lower St. Lawrence ecoregions (Abell et al. 2000) and
stteam channels flowing through Quercus-Carya-Acer gal-
tery forests and prairie vegetation in the Middle Missouri
freshwater ecoregion. The objectives of this perspective are
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LW with case studies from lake and stream riparian areas.
This objective is a first step toward understanding ecosystem
level carbon sequestration in freshwater. Specifically, our hy-
'Cor_res_ponding author {e-mail: guyetteR @missouri.edu). potheses are (i) that the age of carbon in LW of streams and
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littoral zones can be characterized by negative exponential
functions, and (i) that LW is sequestered for much longer
periods in riparian and littoral zones than is LW in terresirial
forest ecosystems.

Materials and methods

Four study lakes and a stream reach (Table 1) were chosen
that were relatively free of recent anthropogenic disturbances
{e.g., removal of aquatic wood, riparian structures) to best
reftect the long-term temporal dynamics of aquatic LW. The
location of the stream reach was chosen because of its avail-
ability as a research site, because the reach appeared to have
LW that had recently entered the stream, and because it had
LW of an unknown age in the water. The stream reach is in a
floodplain of agricultural and forest lands and has been
without recent logging. The stream channel is actively mean-
dering in a broad floodplain, is composed of sediments of
low hydrologic resistance (glacial till), is unconstrained by
bedrock, and is low gradient, The LW of streams is poten-
tially more mobile than that in lakes because it may move
(Sickle and Gregory 1990) into a particular stream reach
from an upstream source, be carried into a lower stream
reach, be deposited on the floodplain as floodwaters recede,
move into a downstream water body such as a lake, or be
buried in flovial sediments.

The forests bordering two of the study lakes were not
logged, whereas the forests were selectively logged for Pinus
strobus (eastern white pine) circa 1900 around the other two
lakes. The aquatic-forest interface of the lake study sites is
relatively stable and constrained by bedrock. Our study lakes
represent relatively closed systems with respect to LW ow-
ing to the limited movement of LW between lakes.

We obtained samples and measurements for analysis from
67 specimens of aquatic LW (Quercus spp., Juglans nigra,
Acer spp., Betula spp., Popudus spp., Salix spp.) in a 0.5-km
stream reach of Medicine Creek, Mo., U.S.A. We collected
data and cross-sections from 256 specimens of LW (Pinus
strobus) in the littoral zones of Scott, Dividing, and Swan
lakes in Algonguin Provincial Park, and from McCulloch
Lake in Lady Evelyn Smooth Water Provincial Park in
Southern Ontario, Canada. Sampling of LW for age distribu-
tions was exhaustive at four sites and random at one lake
site. Volume, mass, and C were calculated for each piece of
LW. We sorted LW by age and summed the C mass beginning
with the oldest dates. We divided cumulative values by the
sum of all C to construct cumulative relative distributions,

We used both dendrochronology and radiocarbon dating
to determine the age of LW. Wood and ring-width plots were
visually matched for ring-width signatures and latewood
characteristics (Baillie 1982; Stokes and Smiley 1996). Sta-
tistical verification of the ring-width dating was done using
the computer program COFECHA (Grissino-Mayer et al.
1996) and Student’s 1 tests as well as tree-ring chronologies
derived from living, old trees (Pinus strobus, Quercus alba)
in Ontario and Iowa (Duvick 1996; Guyette 1996a, 1996b).
Carbon isotope measurements and radiocarbon age determi-
nations for the samples in this project were conducted by
Geochron Laboratories, Cambridge, Mass,, U.S.A. The dates
are based upon the Libb?r half-life (5570 years) for “C. All
dates are corrected for *C. Wood samples of 20-30 g were
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treated with hot, dilute HCI to remove carbonates; with
0.1 N dilute NaOH to remove humic acids and organic con-
taminants, and a second time with dilute HCI. After washing
and drying, the samples were combusted to recover carbon
dioxide, We calibrated the radiocarbon ages using a calibra-
tion program (Stuiver et al. [998). These ages arc referenced
to the year AD 2000 to be comparable with tree-ring dates.
LW in the stream channel that was not tree-ring dateable and
had intact leaves, bark, terminal growth rings, or small
branches (<2 cm) was classed as “modern”. Ten random
samples from this category all “C-dated less than 100 years
before present (BP) and verified this categorization. We ran-
domly assigned modern dates (<100 years BP) to members
of this class.

Results and discussion

The sequestration of C is a function of the time C is
stored in both the living and dead components of the tree.
Here we examined the age distribution of dead LW in lakes
and streams and compared these with the decay of wood in
terrestrial forest ecosystems. The age distribution of C,,, at
all study sites took the form of negative exponential distribu-
tions {(Figs. 1 and 2) such as has been hypothesized for LW
(Harmon et al. 1986; MacMillian 1988). Equations | and 2
were fit to these cumulative distributions of mean ring dates
as empirically derived probability density functions to deter-
mine the remaining proportion of C assimilated at a given
age in the aquatic and riparian LW carbon pools. The equa-
tions describe the probabilistic fate of C assimilated in the
boles of trees that are eventuaily incorporated into aquatic—
forest ecotones as follows:

(1) Ciw

2) G

100 e*t (stream)

100 (1 ~ e-*)! (lakes)

where C,, is carbon in LW, k represents decay constants
(0.0065 for the lakes; 0.0015 for the stream), ¢ is time (years
BP), and [ = 5 (a dimensionless exponent for C stored in liv-
ing trees before entering the water).

The exponents {—kt) describe the release of carbon from
aquatic LW. Additionally, where the duration of C storage is
long in Hving trees relative to aquatic LW, an expenent ()
defines the time that C is held in living trees (Harmon et al.
1986). In eq. 2 we used half of the average life of a tree that
falls into the lake (100 years) as a rough estimate of the av-
erage time that C is stored in living tree boles {Guyette and
Cole 1999). The value of & for eq. 1 (used in Fig. 2} is based
on the in-stream volume of wood only and does not include
sections of wood buried in sediments (these are not measur-
able). In addition, there may be an “age shadow” effect in
the age distribution of LW. An “age shadow” js defined as
the unexpected absence of wood in the temporal distribution
of wood possibly caused by the migration and return of a
meander belt within the floodplain. An “age shadow™ is cre-
ated as the meander belt of a stream moves away from re-
cently buried wood and into older buried wood. Thus, wood
collected in natural stream channels may not be unbiased
with respect fo the age of wood stored in a flood plain. A
much smaller value of k may more accurately reflect the age

© 2002 NRC Canada
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Table 1. Site and temporal characteristics for large wood (LW), dated samples, and carhon. Water area is total lake or stream reach

surface area.

Site name Medicine Swan Scott Dividing McCulioch
Water body Stream Fake Lake Lake Lake
Latitade 40°22'N 43°30°N 43°29'N 45°24'N 47°19'N
Longitude 93°18'W 78°43'W 78°43'W T8°3'W  R0°4S'W
Water area (ha) 0.1 87 27 53 42
Number LW dated 67 82 29 105 40

Mean length, diameter LW (m) 4.4, 0.36 £0.7, 0.36 10.4, 0.33 15, 0.39 12.1, 0.32
Range of age C,, (years BP) <10 to 9485 H07-1670 128-877 4-1030 2-1134
LW mean residence time by piece (years) 2212 333 271 196 279

Mean assimilation-release period for Cy, by mass (yvears) 389 443 368 295 341

Note: Mean LW residence time by piece is the mean age of all dated LW without respect to heir mass, thus the stream reach had smaller, older pieces
that account for the much fenger residence time. The mean assimilation-release period for carbon in LW (C,,) includes the time carbon is stored in living

trees that enter aquatic systems. Time is in years before present (BP).

Fig. 1. The cumulative age distribution of carbon from the large wood (LW) of eastern white pine (Pinus strobus) in the littoral zones
of four small oligotrophic iakes and the C remaining in terrestrial LW (Mattson et al. 1987; Turner et al. 1995). Goodness-of-fit for
aquatic LW data (O) and the equation is 98%. Age corresponds to t in the equation. BP, before present.
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distribution of wood in the stream-floodplain-subterranean
system of carbon storage.

Mean residence time for LW in the study lakes wag 261
years and ranged from means of 350 years to 800 years in
the study stream depending on the value of k used. These
residence times are about 9-80 times ‘greater than the mean
residence time of wood in adjacent terrestrial forests (Ta-
ble 2) (Nabuurs and Mohren et al. 1995; Jenkins and Parker
1997; Spetich et al. 1999), We found mean C assimilation—
release periods (C in living and dead phases of LW) of 362
years in four Ontario lakes and 389-839 years for LW in the
study strean. : :

Reductions in the specific gravity (G, the basic specific
gravity based on the volume of wet wood) of wood with age
reflect differences in decay processes, decay rates in terres-
trial versus aquatic and subterranean-riparian ecosystems,

and the effect of time on C storage and quality. LW on the
ground in terrestrial ecosystems decays in an oxygen-rich
and moist environment in eastern North America, where pre-
cipitation is abundant and well distributed throughout the
year. Oxygen is more limiting to decay of LW when it is
submerged in lake or stream waters, but wave action, cur-
rents, and lake turnover can deliver oxygen by mass flow to
LW, In contrast, decay of LW is most limited when LW is
subterranean, buried in water-saturated soils in floodplains
and bogs, where anaerobic conditions prevail because the
diffusion of oxygen is so slow.

The mean specific gravity of Quercus spp. (cak species) is
reduced by half during about 6500 years of aquatic and sub-
terranean storage (Fig. 3), whereas mean G, of Quercus
spp. LW on forest floors is reduced by half in approximately
40 years (Harmon et al. 1986; MacMillian 1988). In the lit-
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Fig. 2, The cumulative age distribution of carbon in the aguatic large wood (LW) of a stream reach and C remaining in terrestrial
coarse wood (Harmen et al. 1986; MacMillan 1988). Age data for LW are from calibrated radiocarbon dates and tree-ring dating (13).

Goodness-of-fit for aquatic LW data (O} and the equations are 85%

for k = 0.0015. The smaller value of & is based on the existence

of an age shadow (see text). Age corresponds 1o / in the equation given for aquatic LW, BP, before present.
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Table 2. Characteristics of large wood (LW) in the littoral zones of lakes and in a stream chan-
nel (with subterranean storage) compared with LW in terrestrial forest ecosystems.

Characteristics Lake littoral Stream channel Forests

Mean C,,, residence time (years) 261 350 1040

C assimilation—release (years) 362 389 49-140

G, half life {years) 334 6500 354060

Decay constants 0.0065 0.0015 0.024-0.08605e:R0
Maximum ages dead LW (years) 1097 9485 60-160

LW volame / area (m>-m2) 0.02120 0.0045 0.0019-0.01 kLm0

Note: Data for terrestrial ecosystems are for forest tree species and ecosystems comparable to the study
regions. The C assimilation—release periad is (he mean time from carbon fixation to its release from LW (years in
living tree -+ years as dead wood). The specific gravity (G} haif-life is for Pinus in lakes and Quercus in &
stream reach. Maximum ages for forest age derived from decay constants. Data citations: a, Nabuurs and Mohren
{1995); b, Spetich et al. (1999, c, MacMillian (1988); d, Matison et al. (1987); ¢, Harmon et al. (1986); f, Turner
et al. (1995); g, Chambers et al. (2000}, h, Alban and Pastor {§993); i, Onega and Eickmeier (1991); j, Mallory et
al, (2000); k, Jenkins and Parker (1997} 1, Shifley et al. (1997); m, Muller and Lin (1991},

toral zones, in one of the study lakes the G;, of Pinus strobus
(castern white pine) decreased by half in 334 years {Guyette
and Cole 1999). The cellulose-lignin ratio in wood is known
to decline with time in water-saturated wood and may ac-
count for the recalcitrant nature of some particulate organic
carbon in rivers as water further erodes structurally weak-
ened old wood (Hedges 1990; Raymond and Bauer 2001).
The piece size of LW and the quantity of carbon per piece
of LW are a function of time. Large wood becomes smaller
with time from weathering, erosion of the exterior surface,
and breakage. Consequently, the quantity of carbon decreases
with decreasing piece size. The amount of carbon per piece
was significantly (p < 0.01) reduced with time (Fig. 4) be-
cause of reductions in the volume of LW pieces. Time, how-

ever, explains less than 30% of variance (Fig. 4) in the quan-
tity of carbon per piece. This relationship is weak at our
study sites and may be weak in many freshwater ecosystems
because of the great variability in tree size, the portion of the
tree entering the water, and the integrity of the tree stem
upon entry into the stream or lake.

Piece size may also have an effect on the movement of
LW (Braudrick and Grant 2000) and carbon within aquatic
systemns. Small pieces of LW will be moved much more
readily in streams, especially smaller streams. Wood may
move into environments (e.g., subterranean, fluvial, and ben-
thic sediments) where the rates of decay may be much dif-
ferent than those in the waters of streams and lakes. As LW
in lakes becomes smaller, it may be incorporated into lake-

© 2002 NRC Canada
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Fig. 3. A comparison of the specific gravity (G,) of Quercus spp. that occurs with time in the aguatic—subterranean ecotones (O) of
the study stream and large wood (LW) on a terrestrial forest tloor (@) (MacMitlian 1988). BP, before present.
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shore bogs or washed ashore by wave action. In streams,
small wood may be incorporated into fluvial deposits or be
deposited on the soils of floodplain forests. The movement
and fate of LW in streams has been of particular interest in
northwestern North America (Maser and Sedell 1994;
McHenry ef al. 1998; Wing et al. 1999) because of its con-
tribution to aquatic habitat.

The age and distribution of Cy,,, illustrates the importance of
riparian dynamics for the storage of C. Although we aged
only wood in water, subterranean storage in both flood plains
and along lakeshores may be important in long-term C stor-
age. Wood in streams flowing through sediments of low
hydrologic resistance is constantly being excavated, buried,
reburied, and only slowly exported to downstream waters.
About 65 percent of the LW mass was involved (partially
buried) in fluvial sediments, and thus had reduced down-
stream mobility and 4 high probability of having been or be-
ing totally buried before contemporary export downstream.
[n lake systems, some species like P strobus are potentially
highly mobile because they may float for centuries.

Relative 1o terrestrial forests, carbon sequestration by LW
in freshwater—forest ecotones may constitute only a small
portion of carbon input because of the limited spatial dimen-
sions of riparian ecotones, but may represent a large carbon
sink because of the temporal duration of carbon storage. For
example, there are about 1.1 million hectares of flood plain
in a total area of about 7.5 million hectares in North Mis-
souri, the region of our stream study site. Thus, riparian
areas, including floodplains, represent about 15% of the
landscape but may sequester carbon in LW 10 times longer
(Table 2) than the landscape. as a whole. There are about
250 000 lakes in Ontario, the location of our study lakes,
Lakes in the vicinity of our study area averaged 8.6% of the
area of the landscape_ and lake littoral zones were 1.3% of

the total area of the landscape. However, this 1.3% may
sequester carbon more than six times longer than the land-
scape as a whole. These estimates do not include areas with
wood buried in lake bogs, rivers, lake bottoms, and wood in
deep water. Thus, the role of carbon sequestration in aquatic
envirorments may be large in proportion to area because the
duration of carbon storage is greater in aquatic than in ter-
restrial environments.

The long-term storage of wood submerged or buried in
streams and lakes has been noted elsewhere. Thousands of
pieces of ancient LW (Quercus spp.) have been tree-ring
dated from aquatic and riparian ecosystems in Germany and
Western Europe (Pilcher et al. 1984; Becker 1993). Ancient
(<4763 years BP) particulate organic matter has been re-
ported in the waters of major rivers (Raymond and Bauer
2001). Pinus sylvestris (Scots pine) LW from lakes in
Fennoscandia have been tree-ring dated and used to con-
struct a continuous tree-ring chronology dating to 7300
years BP (Zetterberg et al. 1996). In addition to our case
study sites, we found wood over 2000 years in age in 0.5-km
survey reaches of 9 of 10 rivers in Missouri. Rarely, how-
ever, are sampling or collections of LW in aquatic systems
conducted in a manner consistent with construction of statis-
tical distributions (i.e., random or exhaustive) at the study or
ecosystem level. Although we used random, stratified ran-
dom, and exhaustive sampling in our case studies, these
studies only allude to potential differences in residence times
of G, in terrestrial and riparian areas. :

- Changes in the dynamics of C storage in lakes and streams
may result from global climate change (King et al. 1999;
Magnuson et al. 2000) and increases in human population
density, Changes in temperature may result in changes in
bacterial activity (Vaque et al. 1994; Trumbore et al. 1996)
and degradation of LW in lake littoral zones stream waters.
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Fig. 4. Two scatier plots illustrating a weak but significant relationship between age and the mass of carbon per piece of large wood (LW)
(a) in a stream and (b) in lakes. The quantity of carbon in each piece of LW (y axis) is plotted against the duration {x axis) of carbon se-
questering in LW. Note the order of magnitude of difference in the x axes for (@) stream and () lake wood. BP, before present.
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Biological activity, even under anoxic conditions, may be
governed by temperature-dependent reaction rates as quanti-
fied by the Arrhenius equation (Volthardt 1987). The lfong-
term storage of C,,, in the subterranean components of ripar-
ian floodplains, however, may be less affected by increases
in atmospheric temperature like those found in soils
(Trumbore et al. 1996) because of the insulation provided by
3-6 m of floodplain sediments that lie over LW in North
Missouri streams. The effects of increasing human popula-
tion may be equally important as, if not more important than
the effects of climate change on aquatic—forest ecotones.
Stream bank stabilization, river channelization, navigation

improvements, river impoundment, and riparian and
lakeshore development {Christensen et al. 1996) will all in-
fluence riparian forests and the dynamics of LW and C stor-
age in freshwater ecosystems.
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