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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 carbtm budgets is derived from the productivity and sequesu'ation of carbon in terrestrial
and marine ecosystems. Less is know[1 or carbon stored in riparian areas associated wid/ lakes and rivers, Case studies
of tile age distribution of carbol/ hi aquatic large wood (C_,_) flom two different kmdscapes with dif'lk:rent drainage
patterns were established using tree-ring and I'IC dating. Cumulative negative exponential distributions of the age of

Ciw ranged over periods flom 1000 to 9485 years. Large woody debris had mean residence thnes of 261 years in small
oligom_phic htkes and 350-800 years ill a stream reach. Large wood can reside for an order of magnitude longer in
freshwater riparian ecosystems than i[I comparable above-ground terrestrial ecosystems. Ahhough riparian areas make
tip only a small fraction o[ room landscapes, they may account for a relatively hu'ger proportion of aged el,_ than is
stored above ground in terrestrial ecosystems.

R,_sum_, :

La con/laisstmce des budgets de carbone provient en tres grande partie des ettldes sur [a productivitd et la s_questration
de carbone dans les deosyst_mes terrestres et inarins. On poss_de moins de donn_Ses stir [e carbone emmagasillt5 darts
les zones ripariennes des lacs et des rivibres. Nous avons prncddd h deux dtudes de cas de Ia r@artition du carbone
dans du bois de grande taille (Ck,) en milieu aquatique, dans deux paysages difl_rents 5. structures de drainage distinc-
les, _l I'aide de datations basdes sur les anneaux de croissance et sur [e HC. La distribution cumulative exponentielle

ndgative des figes du CI,_ s'dtend stir des pdl"iodes de 1000 _19485 anndes. Les ddbris ligneux de grande faille ont un
temps de s_jour moyen de 261 ans dang les petits lacs oligon'ophes et tie 350 h g00 ans dans une section de tours
d'eatL Le bois de grande taille peut demeurer I0 fois plus Iongtemps dallS les _cosyst_mes d'eau douce et les dcosyst_-
rues ripariens que dans les tScosyst_)me_ telles|res 6pig6es comparables. Bien que les zones ripariennes ne reprdsentent
qu'une fidble fraction de la plupart des paysages, elles peuvem contribuer une proportion retativement plus importante
du Ck, que celle qui s'accumule au-desst]s dtl sol davis les dcosyst_mes terrestres.

[Traduit par la Rddactionl

Introduction merged or buried environments. This wood may represent a
distinct type of carbon sink and can be an important source

Despite censklerable knowledge of carbon (C) storage in of aged particulate organic carbon in river systems (Becket
forests and soils (Dixon et ah 1994: Turner et ah 1995; 1993: Raymond and Bauer 2001), low-density substrate for
Trnmbore et al. 1996), few if any studies have quantitatively invertebrates (Culp and Davies 1985; O'Conner 1991;
addressed the age distribution of C and its stnmge in the Boweu et al. 1998), and aqnatic structttre and habitat
dead, large wood (>25 cnt iu diameter) associated with IMallory et ah 2000).
aquatic-terrestrial ecotones. While C storage in l\nests is of-
ten limited by the relatively rapid decay of wood after the We assessed the age distribution of carbon sequestered in
death of a tree, C assimilated iu trees that enter aquatic sys- LW by sampling aquatic LW (>25 cm diameter) in two types ,

terns as large wood (LW) often decays very slowly in sub- of riparian ecotones: freshwater lake littoral zones adjaceut
to Pinus-7_ltga-Tlttoa forests in the Michigan-Huron anti
Lower St. Lawrence ecoregions (Abell et al. 2000) and

Received 28 August 2001. Accepted 5 March 20(12. Published stream channels flowing through Quelvus-Carva-Acer sal-
on the NRC Research Press Web site at http:Hcjfas.nrc.ca on lery forests and prairie vegetation in the Middle Missouri
17 April 2002. freshwater ecoregton. The objectives of this perspectwe areJI6515

tO explore means of characterizing the temporal distribution
R.P. Guyette j and R.-M. Muzika. Department ,:ff Foresn'y, of LW in several stream and lake aquatic ecosystems, and to
Universu3, of Missouri. Columbia. MO 6521 I.U.S.A. characterize the age, decay rates, and distribution of aqnatic
$V.(;. Cole. Ontario Ministry of Natura[ Resources. Sault Ste. gw with case studies from take and strealrl riparian areas.

Marie. ON P6A 2E5. Canada. This objective is a first step toward tmderstandmg ecosystem
D.C. Dey. U.S. Forest Service. Cohnnbia. MO 65211 tJ.S.A, level carbon sequestratmn in freshwater. Specifically, our hy-

Corresponamg author (e-mail: guyetteR(a lulssourl.edu potheses are (i) that the age of carbon itl LW of streams and
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littoral zones can be characterized by negative exponential treated with hot, dilute HC1 to remove carbonates; with
functions, and (ii) that LW is sequestered for much longer 0.1 N dilute NaOH to remove humic acids and organic con-
periods in riparian and littoral zones than is LW in terrestrial taminants, and a second time with dilute HCI. After washing
tbrest ecosystems, and drying, the samples were combusted to recover carbon

dioxide. We calibrated the radiocarbon ages using a calibra-
tion program (Stuiver et al. 1998). These ages are referenced

Materials and methods to the year AD 2000 to be comparable with tree-ring dates.

Four study lakes and a stream reach ('fable 1) were cbosen LW in the stream channel that was not tree-ring dateable and
that were relatively free of recent anthropogenic disturbances bad intact leaves, bark, terminal growth rings, or small
(e.g., removal of aquatic wood, riparian structures) to best branches (<2 cm) was classed as "modern". Ten random
reflect the long-term temporal dynamics of aquatic LW. The samples from this category all 14C-dated less than 100 years
location of the stream reach was chosen because of its avail- before present (BP) and verified this categorization. We ran-

ability as a research site, because the reach appeared to have domly assigned modern dates (<100 years BP) to members
LW that had recently entered the stream, and because it had of this class.
LW of an unknown age in the water. The stream reach is in a
floodplain of agricultnral and forest lands and has been
without recent logging. The stream channel is actively mean- ReSults and discussion
doting in a broad floodplain, is composed of sediments of The sequestration of C is a function of the time C is
low hydrologic resistance (glacial till), is unconstrained by stored in both the living and dead components of the tree.
bedrock, and is low gradient. The LW of streams is poten- Here we examined the age distribution of dead LW in lakes
tially more mobile than that in lakes because it may move and streams and compared these with the decay of wood in
(Sickle and Gregory 1990) into a particular stream reach terrestrial forest ecosystems. The age distribution of Ciw at
frmu an upstream source, be carried into a lower stream all study sites took the form of negative exponential distribu-
reach, be deposited on the floodplain as floodwaters recede, tions (Figs. 1 and 2) such as has been hypothesized for LW
move into a downstream water body such as a lake, or be (Harmon etal. 1986; MacMillian 1988). Equations I and 2
buried in fluvial sediments, were fit to these cumulative distributions of mean ring dates

The forests bordering two of the study lakes were not as empirically derived probability density functions to deter-
logged, whereas the forests were selectively logged for Pinus mine the remaining proportion of C assimilated at a given
strobus (eastern white pine) circa 1900 around the other two age in the aquatic and riparian LW carbon pools. The equa-
lakes. The aquatic-forest interface of the lake study sites is tions describe the probabilistic fate of C assimilated in the
relatively stable and constrained by bedrock. Our study lakes boles of trees that are eventually incorporated into aquatic-
represent relatively closed systems with respect to LW ow- forest ecotones as follows:
ing to the limited movement of LW between lakes.

We obtained samples and measurements for analysis from (1) Clw = 100 _kt (stream)
67 specimens of aquatic LW (Quercus spp., Juglans nigra,
Acer spp., Betula spp., Populus spp., Salix spp.) in a 0.5-km (2) Clw = 100 (1 - e-kt) t (lakes)
stream reach of Medicine Creek, Mo., U.S.A. We collected
data and cross-sections from 256 specimens of LW (Pinus where Ciw is carbon in LW, k represents decay constants
strobus) in the littoral zones of Scott, Dividing, and Swan (0.0065 for the lakes; 0.0015 for the stream), t is time (years
lakes in Algonquin Provincial Park, and from McCulloch BP), and 1 = 5 (a dimensionless exponent for C stored in liv-
Lake in Lady Evelyn Smooth Water Provincial Park in ing trees before entering the water).
Southern Ontario, Canada. Sampling of LW for age distribu- The exponents (-kt) describe the release of carbon from
tions was exhaustive at four sites and random at one lake aquatic LW. Additionally, where the duration of C storage is
site. Volume, mass, and C were calculated for each piece of long in living trees relative to aquatic LW, an exponent (l)
LW. We sorted LW by age and summed the C mass beginning defines the time that C is held in living trees (Harmon et al.
with the oldest dates. We divided cumulative values by the 1986). In eq. 2 we used half of the average life of a tree that
sum of all C to construct cumulative relative distributions, falls into the lake (100 years) as a rough estimate of the av-

We used both dendrochronology and radiocarbon dating erage time that C is stored in living tree boles (Guyette and
to determine the age of LW. Wood and ring-width plots were Cole 1999). The value of k for eq. 1 (used in Fig. 2) is based
visually matched for ring-width signatures and latewood on the in-stream volume of wood only and does not include
characteristics (Baillie 1982; Stokes and Smiley 1996). Sta- sections of wood buried in sediments (these are not measur-
tistical verification of the ring-width dating was done using able). In addition, there may be an "age shadow" effect in
the computer program COFECHA (Grissino-Mayer etal. the age distribution of LW. An "age shadow" is defined as
1996) and Student's t tests as well as tree-ring chronologies the unexpected absence of wood in the temporal distribution
derived from living, old trees (Pinus strobus, Quercus alba) of wood possibly caused by the migration and return of a
in Ontario and Iowa (Duvick 1996; Guyette 1996a, 1996b). meander belt within the floodplain. An "age shadow" is cre-
Carbon isotope measurements and radiocarbon age determi- ated as the meander belt of a stream moves away from re-
nations for the samples in this project were conducted by cently buried wood and into older buried wood. Thus, wood
Geochron Laboratories, Cambridge, Mass., U.S.A. The dates collected in natural stream channels may not be unbiased
are based upon the Libby half-life (5570 years) for 14C.All with respect to the age of wood stored in a flood plain. A
dates are corrected for 13C. Wood Samples of 20-30 g were much smaller value of k may more accurately reflect the age
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"Fable 1. Site and temporal characteristics for large wood (LW), dated samples, and carbon. Water area is total lake or sn_ana reach
surface area.

Site name Medicine Swan Scott Dividing McCulloch
Water body Stream Lake Lake Lake Lake
Latitude 40°22'N 45°30'N 45°29'N 45°24'N 47°19'N

Longitude 93°18'W 78°43'W 78°43"W 78°36'W 80°45"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 10.7, 0.36 10.4, 0.35 15, 0.39 /2.l, 0.32
Range of age CI,,, (years BP) <10 to 9485 107-1070 128 877 4-1050 2-1134

LW mean residence time by piece (years) 2212 333 271 196 279
Mean assimilation-release period for Ciw by mass (years) 389 443 368 295 341

Note: Mean LW residence time by piece is tile mean age of all da_ed LW without respect to their mass, _hus the stream reach had smaller, older pieces
that account tbr the much longer residence time. The mean assimilafon-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. I. 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 lakes and the C rmnaining in terrestrial LW (Manson 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 and the effect of time on C storage and quality. LW on the
system of carbon storage, ground in terrestrial ecosystems decays in an oxygen-rich :

Mean residence time for LW in the study lakes was 261 and moist environment in eastern North America, where pre-
years and ranged from means of 350 years to 800 years in cipitation is abundant and well distributed throughout the
the study stream depending on the value of k used. These year. Oxygen is more limiting to decay of LW when it is '
residence times are about 9-80 times greater than the mean submerged in lake or stream waters, but wave action, cur-
residence time of wood in adjacent terrestrial forests (Ta- rents, and lake turnover can deliver oxygen by mass flow to
ble 2) (Nabuurs and Mohren et al. 1995: Jenkins and Parker LW. In contrast, decay of LW is most limited when LW is

1997: Spetich et al. 1999). We found mean C assimilation- subterranean, buried in water-saturated soils in floodplains
release periods (C in living and dead phases of LW_ of 362 and bogs, where anaerobic conditions prevail because the
years in four Ontario lakes and 389-839 years for LW in the diffusion of oxygen is so slow.

study stream. The mean specific gravity of Quercus spp. (oak species) is
Reductions in the specific gravity (Gh, the basic specific reduced by half during about 6500 years of aquatic and sub-

gravity based on the volume of wet wood bof wood with age terranean storage (Fig. 3), whereas mean Gb of Quercus
reflect differences in decay processes, decay rates in terres- spp. LW on forest floors is reduced by half in approximately
trial versus aquatic and subterranean-ripartan ecosystems. 40 years (Harmon et al. 1986; MacMillian 1988). In the lit-

© 2002 NRC Canada
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Fig. 2, Tile cumulative age distribution of carbon in the aquatic large wood ([,'W) of a stream reach and C remaining in terrestrial
coarse wood (Harmon 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% fro"k = 0.0015. The smaller value of k is based on the existence
of an age shadow (see text). Age corresponds to t in the equation given for aquatic LW, BE 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.

ii i

Characteristics Lake littoral Stream channel Forests

Mean Cl,_,residence time (years) 261 350 10_0 (_'_'/

C assimilation-release (years) 362 389 49-140
G/_half life (years) 334 6500 35_,0 (c,a)
Decay constants 0.0065 0.0015 0.024-0.086 (e,f,gJ_'i)
Maximum ages dead LW (years) t097 9485 60-160
LW volume / area (m 3.m-2) 0.0212 (b 0.0045 0.0019-0.011 (b,k,l,rn)

i

Note: Data for terrestrial ecosystems are for forest tree species and ecosystems comparable to the study
regions. The C assimilation-release period is file mean time from carbon fixation to its release from LW (years in
living tree + years as dead wood). Tile specific gravity (G_)half-life is for Pimps in lakes and Ql_eretL_in a
stream reach. Maximum ages for forest are derived from decay constants. Data citations:a, Nabuurs and Mohren
(1995); b, 8petich etal. (1999), c, MacMillian(1988); d, Mauson etal. (1987); e, Harmon etal. (1986); f, Turner
el a/. (1995); g, Chamberset al. (2000); h, Alban and Pastor (1993); i, Onega and Eickmeier (1991);j, Mallory et
al. (2000); k, Jenkins and parker (1997); 1,ShiBey et aL (1997); In, Muller and Liu (1991).

torul zones, in one of the study lakes the Gb of Pinus strobus ever, explains less than 30% of variance (Fig. 4) in the quan-
(eastern white pine) decreased by half in 334 years (Guyette tity of carbon per piece. This relationship is weak at our
and Cole 1999). The cellulose-lignin ratio in wood is known study sites and may be weak in many freshwater ecosystems
to decline with time in water-saturated wood and may ac- because of the great variability in tree size, the portion of the
count for the recalcitrant nature of some particulate organic tree entering the water, and the integrity of the tree stem
carbon in rivers as water further erodes structurally weak- upon entry into the stream or lake.

ened old wood (Hedges 1990; Raymond and Bauer 2001). Piece size may also have an effect on the movement of

The piece size of LW and the quantity of carbon per piece LW (Braudrick and Grant 2000) and carbon within aquatic
of LW are a function of time. Large wood becomes smaller systems. Small pieces of LW will be moved much more

with time from weathering, erosion of the exterior surface, readily in streams, especially smaller streams. Wood may
and breakage. Consequently, the quantity of carbon decreases move into environments (e,g., subterranean, fluvial, and ben-
with decreasing piece size. The amount of carbon per piece thic sediments) where the rates of decay may be much dif-
was significantly (p < 0.01) reduced with time (Fig. 4) be- t'erent than those in the waters of streams and lakes. As LW
cause of reductions in the volume of LW pieces. Time, how- 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 (GD of Qt:ercus spp. ttl.atoccurs with rime in the aquatic-subterranean ecotones (O) of
the study stream and large wood (LW)c.a a terrestrial, forest floor (@) (MacMillian 1988). BP, before present.
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shore hogs or washed ashore by wave action. In streams, the total area of the landscape. However, this 1.3% may
small wood may be incorporated into fluvial deposits or be sequester carbon more than six times longer than the land-
deposited on the soils of floodplain forests. The movement scape as a whole. These estimates do not include areas with
and fate of LW in streams has been of particular interest in wood buried in lake bogs, rivers, lake bottoms, and wood in
northwestern North America (Maser and Sedell 1994; deep water. Thus, the role of carbon sequestration in aquatic
McHenry et ah 1998; Wing etal. 1999) because of its con- environments may be large in proportion to area because the
tribution to aquatic habitat, duration of carbon storage is greater in aquatic than in ter-

The age and distribution of Clwillustrates the importance of restrial environments.

riparian dynamics for the storage of C. Although we aged The long-term storage of wood submerged or buried in
only wood in water, subterranean storage in both flood plains streams and lakes has been noted elsewhere. Thousands of

and along lakeshores may be important in long-term C stor- pieces of ancient LW (Quercus spp.) have been tree-ring
age. Wood in streams flowing through sediments of low dated from aquatic and riparian ecosystems in Germany and
hydrologic resistance is constantly being excavated, buried, Western Europe (Pilcher etal. 1984; Beaker 1993). Ancient
reburied, and only slowly exported to downstream waters. (<4763 years BP) particulate organic matter has been re-
About 65 percent of the I.,W mass was involved (partially ported in the waters of major rivers (Raymond and Bauer
buried) in fluvial sediments, and thus had reduced down- 2001). Pinus sylvestris (Scots pine) LW from lakes in
stream mobility and a high probability of having been or be- Fennoscandia have been tree-ring dated and used to con-
ing totally buried before contemporary export downstream, struct a continuous tree-ring chronology dating to 7500
[n lake systems, some species like P strobus are potentially years BP (Zetterberg et aL 1996). In addition to our case
highly mobile because they may float for centuries, study sites, we found wood over 2000 years in age in 0.5-km

Relative to terrestrial forests, carbon sequestration by LW survey reaches of 9 of 10 rivers in Missouri. Rarely, how-
in freshwater-forest ecotones may constitute only a small ever, are sampling or collections of LW in aquatic systems
portion of carbon input because of the limited spatial dimen- conducted in a manner consistent with construction of staffs-
sinus of riparian ecotones, but may represent a large carbon tical distributions (i.e., random or exhaustive) at the study or
sink because of the temporal duration of carbon storage. For ecosystem level. Although we used random, stratified ran-
example, there are about l. t million hectares of flood plain dora, and exhaustive sampling in our case studies, these
in a total area of about 7.5 million hectares in North Mis- studies only allude to potential differences in residence times
souri, the region of our stream study site. Thus, riparian of Ciw in terrestrial and riparian areas.

areas, including floodplains, represent about 15% of the Changes in the dynamics of C storage in lakes and streams
landscape but may sequester carbon in LW 10 times longer may result from global climate change (King etal. 1999;
(Table 2/ than the landscape as a whole. There are about Magnuson etal. 2000) and increases in human population
250 000 lakes in Ontario. the location of our study lakes, density, Changes in temperature may result in changes in
Lakes in the vicinity of our study area averaged 8.6% of tb_e bacterial activity (Vaque et at. 1994; Trumbore etal. 1996)
area of the landscape and lake littoral zones were 1.3% of and degradation of LW in take littoral zones stream waters.
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Fig. 4. Two scatter 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 duratiola (x axis) of carbon se-
questering in LW.Note the order of magnitude uf difference in the x axes for (a) stream and (b) lake wood. BP,before present.
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Biological activity, even under anoxic conditions, may be improvements, river impoundment, and riparian and
governed by temperature-dependent reaction rates as quanti- lakeshore development (Christensen et al. 1996) will all in-
fled by the Arrhenius equation (Vollhardt 1987). The long- fluence riparian forests and the dynamics of LW and C stor-
term storage of Ciw in the subterranean components of ripar- age in freshwater ecosystems.
ian floodplains, however, may be less affected by increases

in atmospheric temperature like those found in soils Acknowledgements
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