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Abstract: Concentrations of 14 chemical elements (Al, B, C, Ca, Cu, Fe, K, N, Mg, Mn, Na, P, S, Zn) were measured
in wood and bark of 126 sample trees representing different stages of decomposition in three major tree species of
northwestern Russia: Scots pine (Pinus sylvestrisL.), Norway spruce (Picea abies(L.) Karst.), and birch (Betula
pendulaRoth.). Changes in nutrient stores in decay classes were calculated with adjustments for the loss of density
and volume by dead trees. Although the concentration of many nutrients increased relative to the estimated initial
level, the total amount of most nutrients contained in dead trees declined with decay. For example, nitrogen stores
declined from decay class 1 to 4 by 45% for birch, 39% for spruce, and by 60% for pine. The rate and pattern of
these losses varied by nutrient and by species and were primarily related to the patterns of bark loss. Pine lost bark
early in the process of decomposition and released many essential nutrients (i.e., N, P, Ca) at the early stages, while
birch retained most of its bark throughout the decomposition process and lost nutrients more gradually. The temporal
dynamics of N, Ca, and K loss in pine were examined using a chronosequence approach, and the results were used in
stand-level modeling. The analysis of modeling results suggests that, in northwestern Russia, post-disturbance release
of nutrients from woody detritus can potentially supply a large proportion of the net N, Ca, and K accumulation in live
forest biomass.

Résumé: La concentration de 14 éléments chimiques (Al, B, C, Ca, Cu, Fe, K, N, Mg, Mn, Na, P, S, Zn) a été
mesurée dans le bois et l’écorce de 126 arbres rendus à différents stades de décomposition chez trois espèces d’arbres
importantes du nord-ouest de la Russie : le pin sylvestre (Pinus sylvestrisL.), l’épicea commun (Picea abies(L.)
Karst.) et le bouleau verruqueux (Betula pendulaRoth). Les variations dans les provisions de nutriments selon les
classes de décomposition ont été calculées en effectuant des ajustements pour la perte de densité et de volume des
arbres morts. Même si la concentration de plusieurs nutriments a augmenté relativement au niveau initial estimé, la
quantité totale de la plupart des nutriments contenus dans les arbres morts a diminué avec la progression de la carie.
Les provisions d’azote, par exemple, ont diminué de 45% chez le bouleau, de 39% chez l’épicéa et de 60% chez le pin
en passant des classes de décomposition 1 à 4. Letaux et le comportement de ces pertes variaient selon le nutriment et
l’espèce et étaient principalement fonction du sort de l’écorce. Le pin a perdu son écorce tôt dans le processus de
décomposition et plusieurs nutriments essentiels (c.-à-d., N, P et Ca) ont été libérés dans les premiers stades tandis que
le bouleau a conservé la plus grande partie de son écorce tout au long du processus de décomposition et les nutriments
ont été libérés plus graduellement. La dynamique temporelle de la libération de N, Ca et K chez le pin a été examinée
à l’aide d’une technique de chronoséquence et les résultats ont été utilisés dans un modèle à l’échelle du peuplement.
L’analyse des résultats fournis par le modèle suggère que, dans le nord-ouest de la Russie, la libération des nutriments
dans les déchets ligneux suite à une perturbation pourrait contribuer dans une large proportion à l’accumulation nette
de N, Ca et K dans la biomasse des forêts vivantes.

[Traduit par la rédaction] Krankina et al. 32

Woody detritus is an important component of forest eco-
systems reducing erosion and affecting soil development;
storing nutrients and water; providing a major source of en-

ergy and nutrients; and serving as a seedbed for plants and
as a major habitat for decomposers and heterotrophs (Frank-
lin et al. 1987; Harmon et al. 1986; Samuelsson et al. 1994;
McMinn and Crossley 1996). Woody detritus mass remains
quite high throughout succession in natural forests, but in in-
tensively managed forests it is dramatically reduced by tim-
ber harvest, salvage operations, and firewood gathering
(Cramer 1974; Spies et al. 1988; Krankina and Harmon
1994, 1995). The effects of these changes on various ecosys-
tem functions are not understood to the same degree. For ex-
ample, it is clear that intensive forestry practices reduce the
carbon stores in woody detritus (Spies et al. 1988; Harmon
et al. 1990; Krankina and Harmon 1994). Moreover, the role
of woody detritus management, particularly of standing dead
trees, in maintaining wildlife and insect populations is
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adequately understood (McClelland et al. 1979; Kirby and
Drake 1993; Bull et al. 1997). In comparison, the role of
woody detritus in the nutrient dynamics of forests is far less
clear. There may be several reasons for the latter situation:
(i) other nutrient pools may compensate for reductions in
woody detritus, (ii ) nutrient dynamics of woody detritus are
relatively slow and difficult to measure, and (iii ) recent re-
sults bring earlier estimates of woody detritus nutrient dy-
namics into question.

Earlier studies of woody detritus nutrient dynamics gener-
ally used a chronosequence approach that substitutes sam-
pling pieces of wood that have died at various times for
actually observing dynamics over time (Lambert et al. 1980;
Tritton 1980; Foster and Lang 1982; Graham and Cromack
1982; Sollins et al. 1987; Harmon et al. 1987; Arthur and
Fahey 1990; Harmon and Chen 1991; Means et al. 1992;
Busse 1994; Torres 1994). These studies report varied dy-
namics of nutrient concentration, volumetric content, and
pools; however, the concentrations of most nutrients appear
to increase over the decomposition process. An exception is
potassium, which is commonly reported to leach rapidly
from dead wood. Many of these studies also report accumu-
lation of a number of nutrients in woody detritus including
nitrogen (Foster and Lang 1982; Graham and Cromack
1982; Sollins et al. 1987; Arthur and Fahey 1989; Alban and
Pastor 1993; Busse 1994; Chueng and Brown 1995; Brown
et al. 1996), phosphorus (Foster and Lang 1982; Sollins et
al. 1987; Arthur and Fahey 1989; Means et al. 1992; Busse
1994; Brown et al. 1996), calcium (Foster and Lang 1982;
Sollins et al. 1987; Arthur and Fahey 1989; Means et al.
1992; Chueng and Brown 1995; Brown et al. 1996), magne-
sium (Foster and Lang 1982; Sollins et al. 1987; Arthur and
Fahey 1989; Means et al. 1992; Chueng and Brown 1995;
Brown et al. 1996), and sodium (Foster and Lang 1982;
Sollins et al. 1987; Arthur and Fahey 1989; Means et al.
1992). These results support the idea that, because of the
very high carbon to nutrient ratio in woody detritus, nutri-
ents will be retained and absorbed until decomposition has
caused extensive carbon losses. Some of the chronosequence
studies on the same species produced conflicting results that
are difficult to explain. For example, Means et al. (1992) re-
port marked decline in nitrogen content of Douglas-fir
(Pseudotsuga menziesii(Mirb.) Franco) logs, while Sollins
et al. (1987) found nitrogen content increasing. This leaves
the issue of finding and explaining patterns of nutrient dy-
namics during dead wood decomposition open.

The idea that nutrients accumulate in dead wood is also
called into question by several studies that have examined
net changes in nutrient stores over time or have measured
actual rates of nutrient release (rather than inferred them
from changes in nutrient stores). Edmonds and Eglitis
(1989) report net loss of major nutrients from Douglas-fir
logs over 10 years with 20–27% of the nitrogen lost over
this period. In another set of studies, Harmon et al. (1994)
and Harmon and Sexton (1995) found that nitrogen, phos-
phorus, and other nutrients were exported from woody detri-
tus of four conifer species early during the decomposition
process by fungal sporocarps and leaching. It is therefore
possible that earlier studies systematically overestimated the
accumulation of nutrients in woody detritus. A particular
problem overlooked by almost all the earlier work, which

may help resolve this conflict, is the effect of volume loss
during the course of decomposition. Although most studies
have not estimated volume losses, several have found this to
be significant. In a study by Lambert et al. (1980), decay
rate for balsam fir increased more than twofold when frag-
mentation losses were included. MacMillan (1988) reports
10–50% volume loss over 20 years in eastern hardwoods.
Douglas-fir was shown to lose 50% of its original volume
over the course of decay (Graham 1982). Thus, volume loss
is a common process and could influence the results of stud-
ies in nutrient dynamics. While some volume loss is the re-
sult of fragmentation and hence does not necessarily release
nutrients, a large fraction is associated with complete de-
composition of CWD (coarse woody debris) material that
would release them (Harmon et al. 1987).

In this paper we use a set of sampled logs from northwest-
ern Russia to examine the effect that adjusting for volume
losses has on estimates of long-term nutrient dynamics. We
were able to estimate the initial volume and hence the initial
store of nutrients in these logs from long-term permanent
plot records. Our past reports on this study focused on car-
bon stores and cycling in connection with forest succession
and management practices (Krankina and Harmon 1994,
1995). In this paper we assess the role of woody detritus in
nutrient cycling of these boreal forests. The specific objec-
tives are to (i) examine changes in nutrient concentrations in
CWD among decay classes; (ii ) evaluate net loss, retention,
and accumulation of nutrients during the decomposition pro-
cess; and (iii ) assess the role CWD plays in boreal forest
ecosystems relative to other biomass pools in storing and re-
leasing nutrients at different successional stages.

We examined nutrient stores and dynamics in CWD at different
spatial scales, from the individual log to the succession of forest
stands, which necessitated the use of several different research
methods (Fig. 1). Nutrient concentration, density, and volume of
logs and snags was measured on a sample of dead trees. This data
was used to calculate changes in nutrient concentrations among de-
cay classes and to evaluate changes in nutrient stores contained in
a log over the process of decomposition. The nutrient concentra-
tion and density of CWD averaged by species and decay classes
was combined with CWD inventories in sample plots to examine
nutrient pools contained in woody detritus and to determine the av-
erage concentrations of nutrients in dead wood at different
successional stages characteristic of the study area. At the stand
level we also used earlier published data on live biomass and litter
layer measurements for two sample plots (Sennov 1984; Griazkin
1989, 1995) to assess the role of dead wood in nutrient storage rel-
ative to other biomass pools. Finally, we evaluated the role of
woody detritus in the cycling of several major nutrients by model-
ing the dynamics of nutrient release from woody detritus over suc-
cession in a pine forest and comparing it with the net nutrient
accumulation in live biomass.

Experimental data for this study were collected in the St. Peters-
burg and Novgorod regions of northwestern Russia (6.1 × 106 and
4.1 × 106 ha, respectively) located at about 59°N and between 31
and 32°E. The climate is cool maritime with cool wet summers and
long cold winters. Mean July temperature is 16–17°C, mean Janu-
ary temperature is –7 to –11°C, and mean monthly temperatures
are negative from November until March; annual precipitation is
600–800 mm. The study area is a part of the East-European Plain
with elevations between 0 and 250 m above sea level; terrain is
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gentle and rests on ancient sea sediments covered by a layer of mo-
raine deposits. Soils are mostly of the podzol type on deep loamy
to sandy sediments. Natural vegetation of the area belongs to the
southern taiga type; major dominant conifer species include Scots
pine (Pinus sylvestrisL.) and Norway spruce (Picea abies(L.)
Karst.) both growing in pure and mixed stands. After disturbance,
these species are often replaced by northern hardwoods including
birch (Betula pendulaRoth.) and aspen (Populus tremulaL.).

Woody detritus inventory and sampling was performed on ex-
perimental plots 0.1–1.0 ha in size located in different parts of the
study area. The measured 88 sample plots represent the major
dominant tree species of the area, different successional stages, and
different forest management practices. In the inventory of dead
wood and nutrient data analysis we used a decay-class system that
includes five decay classes and covers all the stages of wood de-
composition from nearly sound wood (decay class 1) to the most
advanced stages of decay (decay class 5). Within each plot the end
diameters and lengths of each piece of dead wood >10 cm diameter
and >1 m in length was recorded. All forms of coarse dead wood
were inventoried including snags (standing dead), logs (dead and
downed), stumps (cut by harvest), and “blobs” of highly decayed
wood. Species and decay state of each piece were also noted. The
mass was calculated by multiplying computed volume by the aver-
age bulk density of each decay class and species. A detailed de-
scription of the decay-class system, dead wood inventory methods,
and results has been published elsewhere (Krankina and Harmon
1994, 1995; Harmon and Sexton 1996).

Nutrient concentrations in wood and bark were measured for
126 sample trees representing three major tree species in north-
western Russia: birch, spruce, and pine. The sample trees for both
density and nutrient concentration measurements were taken from
12 permanent experimental plots with long-term plot records that
were also used in the dead wood inventories. Based on plot re-
cords, the decomposition period ranging between 1 and 70 years
was established for 75 of the sampled trees, including 37 pines (for
results of chronosequence analysis, see Krankina and Harmon
1995). For pine, the full range of decay classes was covered by
sampling, for spruce and birch samples in decay class 5 were not

found. Samples were taken from four cross sections 2–5 cm thick
located systematically along the length of each log or snag exam-
ined. The volume of wood and bark in each cross section was cal-
culated from appropriate diameter and thickness measurements.
For each cross section the density of wood and bark was computed
separately as dry mass divided by green (i.e., fresh) volume. The
mass of each sampled log or snag was calculated based on sample
densities and wood and bark volumes in each section (Krankina
and Harmon 1995). For nutrient analysis the samples were pooled
by tissue (wood vs. bark) for each tree sampled and then were
coarse ground. After this a well-mixed 10-g subsample was finely
ground (40 mesh) and the concentration of 11 chemical elements
(Al, B, Ca, Cu, Fe, K, Mg, Mn, Na, Zn, P) was measured using in-
ductively coupled argon plasma – emissions spectroscopy on 0.5-g
samples; N was determined by microKjedahl analysis. Nitrogen
content of wood is an order of magnitude below nitrogen content
of leaves, presenting special analytical problems for microKjedahl
N analysis. We therefore doubled the sample mass from the stan-
dard 0.5 to 1.0 g. Standard wood samples were run with all analy-
ses (Sollins et al. 1987). Nutrient concentrations for wood and bark
were weighted by tissue biomass to calculate mean nutrient con-
centration for each sampled log. Concentrations of C and S were
measured using a combustive analyzer (Leco CNS-2000) for one
mixed sample per decay class, so differences in concentration
could not be assessed statistically.

Nutrient concentrations averaged by decay classes for each tree
species were compared with each other using the estimated mar-
ginal means test. The effect of tree species and decay class on nu-
trient concentration was assessed using the General Linear Model
analysis of variance (SAS Institute Inc. 1985). Unless otherwise
noted in the text, statistical tests were judged significant ifp <
0.05. Logs and snags are both represented in varied proportions in
decay classes 1–3 in all species; however, we did not separate logs
and snags in this analysis because we used decay classes rather
than age-classes to group our samples. Decay class is a rather
broad category of CWD material that has reached a similar degree
of decomposition and using it allowed us to ignore the differences
in the decomposition speed between logs and snags. We tested
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Fig. 1. Data and methods flow chart for the analysis of nutrient dynamics in CWD at various scales.
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our decision to pool logs and snags by comparing nutrient
concentrations of logs and snags within some species × decay
groupings. The test showed no significant differences in nutrient
concentration between these two types of CWD.

One potential problem with past chronosequence studies is that
losses of biomass were calculated as the loss of density while the
loss of volume was not accounted for (e.g., Sollins et al. 1987). To
circumvent this problem, it is necessary to estimate tree biomass
and concentration of nutrients at the time the tree died. Whenever
possible, the original tree volume was computed based on DBH
(diameter at breast height) and height measurements at the last plot
inventory before the tree died and volume equations for living
trees (Moshkalev 1984). These equations provide stem volume
over bark from root collar to the very top, branches excluded.
However in some cases, especially for logs at advanced stages of
decay, the use of the above method was impossible because of the
lack of DBH and height measurements or because only a small
fragment of the log was found. In these cases we used a conserva-
tive approach to estimating volume loss by adding to the current
log volume the volume of missing bark (calculated from the pro-
portion of missing bark cover) and the volume of sloughed off sap-
wood (calculated by adjusting the cross-section diameter by the
thickness of sapwood missing from the upper side of the log). In
every case we took care to include only volume losses associated
with transfer of the material from CWD to other biomass pools
(i.e., litter) or its complete mineralization and to exclude transfers
within the CWD pool, i.e., breaking up of snags. The original bio-
mass of each log was calculated using published standard values of
wood and bark density (Moshkalev 1984) and multiplying by the
estimated original volume.

Estimates of nutrient concentration at the time the tree died
were made to provide the basis for the assessment of changes in
nutrient pools contained in a dead tree over the process of decom-
position. The original concentration of nutrients was calculated as
the mean concentration of nutrients in sample trees of a given spe-
cies that died within 2 years prior to sampling. Four birches, five
spruces, and three pines were used to calculate the original nutrient
concentrations. We preferred this method of estimating the original

nutrient concentration over the use of data from other studies to
avoid uncertainties associated with differences in chemical analysis
methods and sampling procedures. Changes in the nutrient pool
contained in each sampled dead tree between the time the tree died
and the time it was sampled were calculated as a percentage of the
original nutrient pool and averaged by decay classes. We excluded
the samples used to calculate the initial concentration from data
analysis. Because a large proportion of decay class 1 samples was
used in calculating the original concentration for birch and spruce,
we dropped class 1 from the statistical analysis of changes in nutri-
ent concentration and stores for these species. The significance of
change in nutrient concentration, content (nutrient concentration
times sample tree density), and in nutrient pool relative to the orig-
inal values was estimated usingt tests. Changes in volumetric nu-
trient content are commonly used to examine nutrient dynamics in
the absence of data on volume loss; the use of this parameter al-
lowed for comparisons with published results of other studies.

Mean nutrient concentration values by species and by decay
class were used to calculate nutrient pools contained in CWD for
all of the 88 sample plots with dead wood inventories. The average
value of nutrient concentration in CWD was calculated for each
plot by dividing the nutrient pool by the CWD mass. The plots
were grouped according to their age or successional stage they rep-
resented (i.e., clearcut, windthrow area, young forest, middle-age
to mature forest, old-growth forest); within middle-age to mature
forest category we also differentiated between plots with and with-
out dead wood salvage. Mean nutrient concentrations in CWD ma-
terial were calculated for different successional stages represented
by sample plots. Differences between the means were evaluated
using the estimated marginal means test.

The importance of CWD for storing nutrients was examined for
two sample plots with available measurements of understory vege-
tation and litter: an old-growth spruce and a mature pine forest. In
this analysis we supplemented the newly collected data on CWD
nutrient and carbon stores with previously published plot-specific
measurements of standing trees, understory vegetation, and litter
(Sennov 1984; Griazkin 1995). Nitrogen concentration in live
biomass at appropriate stand age and in litter was obtained from
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Species
and decay
class

No. of
trees
sampled

Biomass
remaining
(%)*

Volume
loss (%)

Potassium
(ppm)

Nitrogen
(%)

Phosphorus
(ppm) C/N N/P

Birch
1 5 89.7 (2.6) 2.8 775 (193)a 0.18 (0.02)a 63 (10)a 277 29
2 5 76.1 (5.1) 12.6 841 (141)a 0.19 (0.01)a 60 (7)a 263 32
3 16 42.0 (4.2) 16.3 901 (83)a 0.39 (0.03)b 252 (39)b 128 15
4 9 24.0 (4.8) —** 801 (138)a 0.57 (0.06)c 356 (55)c 88 16
Spruce
1 6 86.6 (4.0) 5.7 621 (94)a 0.17 (0.03)a 72 (26)a 294 24
2 15 78.1 (4.3) 6.5 768 (123)a 0.22 (0.02)ab 103 (26)a 227 21
3 10 53.9 (5.7) 12.9 919 (297)ab 0.32 (0.05)b 192 (59)b 156 17
4 3 20.8 (2.0) — 1270 (202)b 0.54 (0.09)c 365 (79)c 93 15
Pine
1 10 89.8 (3.3) 5.1 458 (41)a 0.18 (0.01)a 37 (5)a 277 49
2 15 73.0 (4.3) 11.5 319 (45)a 0.17 (0.01)a 38 (7)a 294 45
3 17 54.9 (3.5) 12.9 320 (51)a 0.23 (0.02)a 77 (13)a 217 30
4 12 21.2 (3.6) 39.0 402 (58)a 0.55 (0.09)b 298 (67)b 91 18
5 3 12.5 (2.5) 54.3 319 (59)a 0.49 (0.08)b 244 (65)b 102 20

Note: Values are mean with SE given in parentheses. Within species, values followed by different letters are significantly different at (p < 0.05) using
estimated marginal means test.

*Accounts for the loss of density and volume.
**Volume loss data incomplete.

Table 1. Biomass remaining, volume loss, and nutrient concentrations of woody detritus by species and decay classes.
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publications that examined the same forest types as our plots
(Kazimirov et al. 1977; Grishina and Vladychenskii 1979;
Golovenko et al. 1981; Kudriashova and Poliakova 1982).

The comparison of N, K, and Ca loss from woody detritus with
net accumulation of these nutrients in growing trees at different
successional stages was modeled for a pine stand of medium pro-
ductivity using a local growth table that represents the growth of a
closed canopy forest stand up to age 140 (Moshkalev 1984). We
chose pine for this modeling exercise because the temporal dynam-
ics of CWD decomposition for this species was best represented in
our sample of dead trees. Two model runs represent succession ini-
tiated by natural disturbance (assuming all stemwood from the
140-year-old forest is transferred into woody detritus pool), and by
clearcut harvest (assuming 75% of stem wood is removed at age
140). For every 10-year time step the store of nutrients in above-
ground live biomass was calculated using wood density and vol-
ume (from growth table), crown factors, and nutrient concentration
in pine stand biomass of given age (Moshkalev 1984; Kazimirov et
al. 1977). CWD mass was calculated by applying 3.3% annual de-
composition rate to the mass of dead wood produced by distur-
bance and as proportion of live biomass for forests age 50 and
older (Krankina and Harmon 1995). Nutrient stores in CWD were
calculated using mean concentrations at appropriate successional
stages. The average annual rate of nutrient release was estimated
from our log chronosequence data using exponential regression of
percent nutrient remaining in a dead tree over time.

Samples were collected from dead trees that represented
all the stages of decomposition process including the ad-
vanced stages of decay when only a small proportion of the
original biomass was left (Table 1). Estimated volume loss
over the process of decay was considerable, even though it
could have been underestimated because, for advanced
stages of decay (classes 4 and 5), there were no data on the
initial tree volume, and reported volume losses reflect only
the sloughing of bark and loss of wood volume due to flat-
tening of the log. The variation in the loss of bark over de-
cay classes was very high among individual trees. All the
species showed some bark loss, but the pattern varied be-
tween species. Birch retained 74% of its bark in all decay
classes, spruce retained over 60% of bark, while pine lost
bark much earlier in decay process; it had only 50% of log
surface covered with bark in decay class 3 and no bark at all
in decay class 5.

The changes in concentrations for most nutrients over de-
cay classes were similar, with insignificant changes at the
initial stages of decay, followed by a significant increase in
decay class 3, 4, and 5 (Fig. 2, Table 1). The few distinct
exceptions to this pattern included K (no significant increase
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with decay for birch and pine) and B (no increase for spruce
and pine). The extent of increase varied by nutrient and by
species. Over decay classes examined the concentration of
Mg, Ca, and Mn increased two- to three-fold, the concentra-
tion of N, P, Na, Cu, and Zn increased three- to six-fold, the
rise in concentration of Fe was nearly sevenfold, and the
concentration of Al increased by an order of magnitude.
Analysis of variance indicated a significant effect of decay
class on concentration of all nutrients except K. For all nu-
trients except N, Cu, and Na, the differences in concentra-
tion among species were significant as well. For example,
the concentration of B, Ca, K, Mg, Mn, P, and Zn was lower
in pine than in other species in all decay classes by 24–57,
21–54, 34–68, 32–63, 47–67, 17–65, and 66–74%, respec-
tively. In contrast, the concentration of Fe and Al in pine
was 62–210% higher than in the other two species. The spe-

cies × decay interaction was significant only for concentra-
tions of Al, B, Ca, Mg, and Zn. This was probably the result
of differences in the dynamics of concentration increase: for
Al the rise in concentration at advanced stages of decay was
greater in pine than in birch and spruce; for the other nutri-
ents, pine lagged behind birch and spruce in concentration
increase at the early stages of decay. The C/N ratio declined
over decay classes from 277 to 294 in class 1 to 88–102 at
advanced stages of decay; N/P ratio declined from 24–49 to
15–20 (Table 1). Although the concentration of many nutri-
ents increased relative to the initial level (Table 2), for most
nutrients the total amount, or nutrient pool, contained in a
dead tree declined with decay (Table 3). The increase in
concentration of N, for example, was insufficient to offset
the loss of biomass, and the N store declined from the initial
level to decay class 4 by 45% for birch, 39% for spruce, and
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60% for pine (Fig. 3). The increase in the concentration of P
in decay classes 3 and 4 partially compensated for the bio-
mass loss, but no statistically significant increase in the
amount of P relative to the initial nutrient store was found
(Tables 2 and 3, Fig. 3). The few instances of statistically
significant increase in the amount of nutrients (at 90% level
or higher) included Na and Fe in pine (decay class 3) and Al
in birch and pine (in decay classes 4 and 5, respectively). No
statistically significant increases in the amount of any nutri-

ents were found in spruce probably because of the insuffi-
cient number of samples at advanced stages of decay
(Tables 1 and 3). The volumetric content of nutrients
showed no change or declined during decomposition (results
not shown).

The rate and pattern of nutrient loss varied by nutrient and
by species. For example, the loss of K generally exceeded
the loss of biomass, the amount of Ca changed concomitant
with biomass loss, while Na was retained throughout the
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Fig. 3. Nutrient dynamics in wood and bark over decay classes.

Species
and decay
class N P K Ca Mg Al Cu Fe Zn Na B Mn

Birch*
2 +
3 +++ +++ + +++ ++ +++ +++ +++ +++ +++ +++ +++
4 +++ +++ +++ ++ ++ +++ ++ +++ +++ +++ +++
Spruce*
2 ++ ++ +++ ++ ++ ++ ++ ++
3 ++ ++ +++ ++ +++ ++ +++ +++ ++ ++
4 + + + +++ + + ++ +
Pine
1 – – – – – – – – – – – – –
2 – – – – – – – – – – + ++ – – +++ – –
3 + ++ – – – – – +++ ++ +++ + +++
4 +++ +++ +++ +++ +++ ++ +++ ++
5 + + ++ + ++ ++

Note: Comparisons to element concentration at the start of decay that are significant at the 90, 95, and 99% confidence levels are shown with single,
double, and triple signs, respectively.

*Data for decay class 1 not shown as a large proportion of decay class 1 samples was used to estimate the original concentrations.

Table 2. Percent increase (+) or decrease (–) in nutrient concentration over log decomposition relative to initial levels.
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decomposition process and the amount of Al increased dra-
matically (Fig. 3). Because of high variation, only some of
these changes were statistically significant (Table 3). For
modeling nutrient dynamics at the stand level, N loss over
time for pine was approximated by exponential curve with
rate parameterk = 2.4%/year (R2 = 0.59); for K and Ca
the rates were 5.2% (R2 = 0.70) and 3.2% (R2 = 0.51),
respectively.

Analysis of the role of wood and bark in nutrient dynam-

ics indicated that these tissues behaved differently in the
process of decay. At the initial stages of decay, nutrient-rich
bark was responsible for most of the nutrient loss. As the de-
cay progressed, pine bark continued to lose nutrients, while
birch bark retained nutrients much better after the initial loss
(Fig. 3). This corresponded to the patterns of bark loss by
dead trees: pine lost most of its bark cover early in decay
while birch retained it throughout this process. The role of bark
in nutrient storage varied among nutrients and the pattern of
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Species and
decay class Biomass N P K Ca Mg Al Cu Fe Zn Na B Mn

Birch*
2 – – – – – – – – – – – – – – – – – – –
3 – – – – – – – – – – – – – – – – – – – – – – – –
4 – – – – – – – – – – – – – – – ++ – – – – – – – – – – –
Spruce*
2 – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – –
3 – – – – – – – – – – – – – – – – – – – – – – –
4 – – – – – – – – – – – – – – – – – – – –
Pine
1 – – – – – – – – – – – – – –
2 – – – – – – – – – – – – – – – – – – – – – – – – – – – –
3 – – – – – – – – – – – – – – – – – – ++ – – – ++ – – – – – –
4 – – – – – – – – – – – – – – – – – – – – – – – – – – – –
5 – – – – – – – – – – – – – – + – – – – – – – –

Note: Comparisons with element stores at the start of the decay process that are significant at the 90, 95, and 99% confidence level are shown with
single, double, and triple signs, respectively.

*Data for decay class 1 not shown as a large proportion of decay class 1 samples was used to estimate the original concentrations.

Table 3. Net accumulation (+) and loss (–) of nutrient stores and biomass over log decomposition.
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bark loss played a greater role for some of them. For exam-
ple, the loss of P from bark exceeded accumulation in wood
at initial stages of decay, while the opposite is true at ad-
vanced stages. Bark could also play a role in nutrient dy-
namics in wood. The presence of bark could have impeded
N and K loss and Al accumulation in birch wood in compar-
ison with pine wood (Fig. 3). Pine is the only one of the ex-
amined species that showed declines in concentrations of
some nutrients (N, P. K, Ca, Mg, Fe, Zn, B) relative to the
initial concentration level (Table 2). This decline occurred at
the early stages of decay and was probably caused by the
rapid loss of bark.

Biotic features present on dead wood (i.e., conks, insect
galleries, moss cover) indicate processes involved in nutrient
transport and may help explain the observed dynamics.
Conks were present on logs and snags of all the species ex-
amined, but they were especially common on birch. In decay
classes 1 and 2, conks were found on two thirds of all
birches sampled; with advancing decay, the proportion of
trees with conks declined, presumably because over time the
conks fell off, thus transferring nutrients to the forest floor.
A similar pattern was observed in pine and spruce, but the
proportion of dead trees with conks did not exceed one third,
and in pine they were only found beginning with decay class
2. Moss cover was very common in all decay classes for
spruce and pine. By the time a conifer log reached decay
class 4, moss covered its entire surface. In birch logs moss
cover appeared later (in decay class 3) and covered on aver-
age only 50% of log surface even in the most decayed logs.
Insects including ants, bark beetles, and wood borers were
found on nearly all the sampled trees.

Nutrient stores and the average concentration of nutrients
in dead wood varied depending on successional stage of a
forest stand. For example, nitrogen stores in woody detritus
ranged from 2–14 kg/ha in the young stand to 31–57 kg/ha
in the old-growth stand. The highest store of N in CWD was
91–202 kg/ha following a severe windthrow in a mature
spruce and pine forest. The concentration of N and P was the
highest in young stands, intermediate in middle-aged to ma-
ture forest stands where dead wood was salvaged, and the
lowest following disturbance (i.e., windthrow or clearcut)
(Table 4). Evidently, the average concentration was the low-
est in stand categories with recent input of dead wood mate-

rial such as stumps and slash on clearcut, trees blown over
in a disturbed stand, or tree mortality due to natural thinning
in growing middle-age and mature forest. Where dead wood
was being salvaged, most of the recent mortality was re-
moved and the material left was more decayed; this ex-
plained the higher concentration of nutrients in middle-age
and mature forest stands with dead wood salvage. In old-
growth stands, all stages of decay were represented because
mortality input remained relatively constant over long peri-
ods of time. Finally, young stands were not generating any
new input in the dead wood pool, and all the material pres-
ent was left from the stand that had occupied the site previ-
ously. This material was quite decayed with 85.5% of CWD
material in advanced stages of decay (decay classes 3 through
5), which accounts for the high nutrient concentration.

The store of nutrients in dead wood was not trivial when
compared with other biomass pools. In an old-growth spruce
forest, dead wood contained 9.6% of the total aboveground
N store; in a mature pine forest dead wood stored 4.1% of
aboveground nitrogen. In contrast, the share of dead wood in
aboveground carbon storage of the old-growth spruce forest
and of the mature pine forest was 16.1 and 8.9%, respec-
tively (Fig. 4).

Our model of N, K, and Ca loss from CWD and net
accumulation in live biomass showed that the role of nutri-
ents released from woody detritus changed over succession
and depended on disturbance type. For example, if the suc-
cession was initiated by natural disturbance of a mature
forest that transferred all the live wood into CWD (i.e.,
windthrow, stand replacement fire), then the projected initial
release of nitrogen from woody detritus exceeded the net
increase in live biomass nitrogen stores of a young forest up
to age 15 (Fig. 5). This high rate of nitrogen release
(6.1 kg·ha–1·year–1 10 years after disturbance) declined rap-
idly as the mass of CWD was reduced by decomposition. By
age 50, only 0.13 kg of N was released per year (3.4% of net
nitrogen accumulation in live biomass at that age). In the
case where succession was initiated by clear-cutting an old
forest, the subsequent release of nitrogen from CWD was
much smaller; for example, it provided only a half of net ni-
trogen accumulation in live biomass of a 10-year-old forest.
By age 50 the differences between the two cases became in-
significant. As the stand aged, the biomass pool contained in
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Successional stage
No. of
plots

Mean
concentration
of nitrogen (%)

Mean
concentration
of phosphorus
(ppm)

Percent of
CWD in total
aboveground
biomass
(live+dead)

Mean density
of woody
detritus
(Mg/m3)

Percent
dead wood
in decay
classes 3–5

Clearcut 2 0.197 (0.001) 82.4 (9.5) 95.5 (0.3) 0.340 (0.023) 8.3 (1.0)
Disturbed (windthrow) 7 0.202 (0.009) 76.2 (12.7) 36.1 (8.1) 0.297 (0.007) 14.0 (3.5)
Young (10–20 years old) 3 0.347 (0.024) 204.1 (32.9) 5.4 (3.5) 0.155 (0.014) 85.5 (11.0)
Middle-age to mature forest

(40–120 years old), no salvage
36 0.205 (0.004) 69.3 (4.4) 6.7 (0.5) 0.280 (0.006) 28.6 (4.0)

Middle-age to mature forest,
salvage

37 0.255 (0.008) 128.7 (7.3) 3.7 (0.4) 0.258 (0.009) 37.4 (4.5)

Old growth 3 0.242 (0.019) 123.0 (16.5) 17.5 (1.1) 0.272 (0.019) 24.6 (11.0)

Note: Values are mean with SE given in parentheses.

Table 4. Nutrient concentration in woody detritus and its proportion in total aboveground biomass stores in forest ecosystems at
different successional stages.
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CWD and the nitrogen release from it increased, while the
rate of nitrogen accumulation in live biomass declined. By
age 140 the loss of nitrogen from CWD was equivalent to
about 90% of net nitrogen accumulation in live forest bio-
mass. The pattern of successional dynamics for Ca and K
was similar to that of N. For other nutrients with more com-
plicated patterns of dynamics over log decomposition (i.e., P
and Na), the role of CWD was more difficult to assess.

Our results contrast with many past studies of nutrient dy-
namics of woody detritus. These earlier studies failed to find
consistent patterns in different species and geographic re-
gions, they all indicate large variation in nutrient concentra-
tions, many report erratic behavior (Foster and Lang 1982;
Alban and Pastor 1992; MacMillan 1987; Miller 1983), and
some demonstrate statistically significant increase in nutrient
pool or content (e.g., Sollins et al. 1987; Arthur and Fahey
1989; Alban and Pastor 1992; Busse 1994). Our results

show that nutrient stores generally declined, although con-
centrations of most nutrients increased with decomposition.
Exceptions to this pattern were Al, Fe, and Na, which in-
creased stores. In contrast, the only element that has consis-
tently showed a decrease in stores in past chronosequence
work has been K, an element known to be highly mobile.

Our initial hypothesis was that, given the failure to adjust
for volume losses in past chronosequences, nutrient accumu-
lation rates in those studies would be overestimated. Con-
trasting our nutrient stores data with and without volume
adjustments (i.e., nutrient store vs. volumetric content),
however, indicates that stores generally remained stable or
declined during decomposition with or without this adjust-
ment. Applying the volume adjustment did affect the magni-
tude of loss. For example, in two of the species examined
(birch and spruce), N, K, and Ca stores remained stable in
class 2 logs when not adjusted for volume loss but showed
losses when the adjustment was taken into consideration
(Table 3). The change for P in decay class 4 pine was even
more dramatic in that accumulation of stores without vol-
ume adjustment is replaced by net losses of stores when
volume corrections were applied. Thus, while our basic hy-
pothesis was upheld, it is also clear that the northwestern
Russian logs appear to be releasing nutrients earlier in the
process of decomposition than some logs in other regions.

Substrate properties may help explain why our results dif-
fer from those of other studies mentioned above. The trees
we sampled are relatively small (mean DBH is 21.5 cm),
and the proportion of bark in small trees is higher than in

© 1999 NRC Canada

Krankina et al. 29

0

10

20

30

40

50

60

70

80

0

100

200

300

400

N
itr

og
en

(k
g/

ha
)

C
ar

bo
n

(M
g/

ha
)

Live
Biomass

Dead
Wood

Litter

Old-growth spruce

Mature pine

Fig. 4. Carbon and nitrogen stores in mature pine and
old-growth spruce forest stands.

-8

-6

-4

-2

0

2

4

6

8

0

100

200

300

400

B
io

m
as

s
(M

g/
ha

)
N

A
cc

um
ul

at
io

n
an

d
R

el
ea

se
(k

g
·

ha
·

ye
ar

)
-1

-1

Age (years)

0 10 20 30 40 50 60 70 80 90 100110 120 130140

Accumulation in biomass
Release from CWD: natural
Release from CWD: clearcut

Live biomass
CWD: natural
CWD: clearcut

Fig. 5. Successional dynamics of net annual nitrogen
accumulation in live biomass and release from CWD for a pine
forest of medium productivity.

I:\cjfr\cjfr29\cjfr-01\X98-162.vp
Tuesday, February 16, 1999 2:24:08 PM

Color profile: Disabled
Composite  Default screen



large ones. Thus, our initial nutrient concentration values are
relatively high causing a more rapid loss of nutrients. The
C/N we found in decay class 1 logs (Table 1) was several
times lower than that reported for Douglas-fir logs in decay
class 1 and close to that found at advanced stages of decay
(Sollins et al. 1987; Means et al. 1992). Relatively high de-
cay rates (3.3–4.5%; Krankina and Harmon 1995) and
sloughing of bark early in the process of decay may contrib-
ute to the early nutrient release as well. In our study, the loss
of the nutrient-rich bark tissue determines the overall de-
crease in stores of many nutrients. In the case of P, for ex-
ample, the total store in a dead tree (wood + bark) declines
even as the store of P in wood increases (Fig. 3). The signif-
icance of bark for nutrient dynamics in smaller trees was
noted before (Miller 1983) as well as the faster loss of bark
by pines relative to other species (Harmon et al. 1987).

Nitrogen is the most frequently examined nutrient and the
one for which the increasing store is most commonly re-
ported; however, in this study the N store declined for all the
three species examined (Table 3). Differences in methods
may explain measured N accumulation in certain cases.
Some studies assumed no bark loss and examined only
pieces with intact bark, which would significantly increase
the value of N content (Foster and Lang 1982; Alban and
Pastor 1992). The duration of decomposition may be impor-
tant as well: N accumulation in the Pacific Northwest was
observed in decay-resistant Douglas-fir logs that decom-
posed over 80 years (Sollins et al. 1987), while in north-
western Russia no logs older than 70 years were found. In a
number of studies, net loss or no change in N content or N
store was reported at least for some of the species examined
(Yavitt and Fahey 1982; Graham and Cromack 1982; Miller
1983; MacMillan 1987; Edmonds and Eglitis 1989; Means
et al. 1992; Brown et al. 1996).

Certain environmental conditions in northwestern Russia
may contribute to the fast loss of nutrients from dead trees
as well. Precipitation in the region is abundant and evenly
distributed throughout the frost-free season. This facilitates
leaching, while long winters, cool summers, and poor aera-
tion may slow down some of the processes that contribute to
nutrient immobilization and input, such as growth of fungi
and bacteria, root colonization, and atmospheric N fixation.
Abundant moisture promotes the growth of mosses that
often cover logs and may play a role in nutrient loss, espe-
cially for conifer logs. Sporocarp production is quite com-
mon on the examined species, especially on birch and
spruce, and may also cause some of the observed nutrient
losses (Harmon et al. 1994). Insect activity may be still an-
other factor that contributes to nutrient release (Edmonds
and Eglitis 1989). Evidently, patterns of nutrient dynamics
over woody detritus decomposition vary between tree spe-
cies and geographic regions; however, further studies of spe-
cific processes involved in nutrient input and output are
needed to understand these differences.

Even though most past studies did not report volume re-
duction, there is at least one (Sollins et al. 1987) that gave
some indication of the mean volume for each decay class.
Assuming that differences in mean log volume over decay
classes represent volume loss and applying this adjustment
to the nutrient store data that Sollins et al. (1987) reported,
we can determine if the volume correction is large enough to

affect the basic conclusion. These calculations indicate that,
for many elements, volume corrections have the potential to
turn a nutrient that is thought to be accumulating stores into
one that is being released. For example, volumetric content
for N and P reported by Sollins et al. (1987) nearly doubles
between class 1 and class 4. In contrast, the log volume de-
clined between these decay classes by 87%, which would
imply the loss of 74% of the original nutrient store. These
corrections of the Sollins et al. (1987) data undoubtedly
overestimate the amount of release as older logs probably
started smaller. However, the diameter growth of old-growth
trees is low; assuming a mean diameter growth rate of 1 mm
per year and an age difference of 100 years, the volume dif-
ference between class 1 and class 4 Douglas-fir logs would
be approximately 20%, far less than the 87% volume loss
observed. Thus, it appears that, in at least one well-studied
case, the application of volume-loss corrections would have
influenced the interpretation of the data.

This raises a major question: are volume losses all associ-
ated with nutrient release? Clearly in the case of snags, vol-
ume loss is largely associated with fragmentation, which
transfers standing dead material to the forest floor as logs or
fine woody debris. This results in the transfer of nutrients
from one woody detritus pool to another but does not release
nutrients per se and was not regarded as “volume loss” in
our calculations. The case for logs, however, is by no means
as clear. Fragmentation is generally small scale for logs and
often occurs as reductions in diameter. While logs are sus-
pended this results in volume losses, but as they settle to the
forest floor, fragmentation results in a change of shape more
than a loss of material. We hypothesize that losses in length
are generally associated with actual decomposition losses.
Exceptions might be ends that become buried and incorpo-
rated into the forest floor. Reduction in length is quite com-
mon in logs as decomposition progresses, indicating that
much of the volume loss might represent missing rather than
fragmented parts. Further investigation of the fate of missing
volume is critical for understanding the nutrient dynamics of
woody detritus.

The role of woody detritus in nutrient cycling is some-
times assumed to be insignificant because of relatively low
nutrient concentration and decay rates (Brown et al. 1996;
Harmon et al. 1986). Besides, increasing nutrient content
over decay classes in earlier chronosequence studies led to
conclusion that woody detritus immobilizes nutrients during
forest regeneration (Grier 1978; Lambert et al. 1980; Alban
and Pastor 1992). In northwestern Russia, as in other geo-
graphic regions, the role of woody detritus in nutrient stor-
age is modest relative to its share in total forest biomass
(Arthur and Fahey 1989; Busse 1994). The amount of N, Ca,
and K released from CWD as projected by our model is one
to two orders of magnitude smaller than the pool of nutrients
cycled through the ecosystem and needed to sustain it (i.e.,
Kazimirov et al. 1977). Nevertheless, our modeling results
suggest that nutrients released from woody detritus in north-
western Russia could supply a large proportion of the N, Ca,
and K that accumulates in live forest biomass and thus is
temporarily removed from circulation. This is especially true
during the early stages of regeneration after disturbance as
well as in mature and older forests (Fig. 5). Our analysis
provides a conservative estimate of nutrient release given
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that the loss rate is inferred from declining nutrient store in
woody detritus over the process of decomposition without
taking into account potential inputs (i.e., N fixation, hyphal
translocation, root and insect colonization, interception of
throughfall, and litterfall (Sollins et al. 1987)).

The amount of woody detritus and its role in nutrient cy-
cling is clearly greater in case of natural disturbance than
clearcut harvest. After a catastrophic disturbance the reten-
tion and subsequent release of nutrients from woody detritus
may serve as an important mechanism for nutrient transfer
from one system into the next (O’Neill et al. 1975). When
natural forest landscapes are converted into rotation forestry
this mechanism is disrupted with potential for the loss of a
nutrient source, which in our case proved to be significant
during the forest regeneration phase. A key area for future
research is to determine if this loss of nutrients contributes
to the loss of site productivity or if these nutrients can be
supplied from another ecosystem store.
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