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Abstract

Nitrogen Fertilization Effects on Carbon and Nitrogen
Storage in Woody Debris in Second-growth
Douglas-fir Stands

by Warren Tacey

Co-chair of the Supervisory Committee: Professor Robert L. Edmonds
College of Forest Resources

Co-chair of the Supervisory Committee: Professor H. N. Chappell
College of Forest Resources

The growth of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) is
limited by N supply in much of the Pacific Northwest. Nitrogen
fertilizer applications produce growth increases in about 70% of
stands examined region-wide. A relationship has been demonstrated
between growth response and C:N ratio in the soil and forest floor.
Relationships have not been examined with coarse woody debris,
which is also a major organic matter component in Pacific Northwest
forests. This study examined the role of woody debris in mediating
the nitrogen dynamics of unthinned second growth Douglas-fir

<tands which had been fertilized with urea N at 0 or 448 kg ha-1,

The average biomass of fallen woody debris on 14 sites in western
Washington and Oregon was 76 Mg ha-l, of which 90% was greater

than 76mm diameter and 79% was inferred to have been carried

over from the previous stand. This was twice the quantity previously




recorded from second growth stands and represented four times the
mass of C in the forest floor. The average mass of N in fallen woody
debris across all sites was 205 kg ha-l, about the same as the mass
of N in the forest floor. The N content of wood in decay classes IV
and V was significantly higher on fertilized sites than on unfertilized
sites. Fallen woody debris was clearly an important storage site for N.
The C:N ratios for woody debris were high, averaging from 109 to
481, suggesting that N could be retained in this wood and play an

important role in forest nutrition over long cycle times.

Despite the large amount of C in fallen wood, its biomass was not a
useful precllctnr of response to applied N. The pool of N in fallen
wood increased following fertilization, and N and C contents were
greater in soils on fertilized sites. These results suggest that fallen
woody debris may comprise both an important short term sink for
applied N as well as a long term source, and thus have an important

role in the long term productivity of Douglas-fir sites.
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INTRODUCTION

The growth of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) is
limited by nitrogen (N) supply in much of the Pacific Northwest
Fertilizer applications produce positive growth responses (Gessel et
al., 1969; Edmonds and Hsiang, 1987; Chappell et al., 1991; Chappell
et al., 1992). The period of greatest N uptake coincides with the
closure of the forest canopy and maximum growth of the forest stand

in Douglas-fir and other species (Cole et al., 1990).

Extensive experimentation with N fertilization of second-growth
Douglas-fir has occurred over the last 35 years throughout western
Washington and Oregon (Gessel and Walker, 1956; Chappell et al.,
1991; Chappell et al., 1992). The aim of that work has been to cosl-
effectively increase the volume of wood produced. Results from
extensive trials throughout western Washington and Oregon have
shown an overall increase in gross volume growth of about 20%, over
four years, after a single application of either 224 or 448 kg ha-l of
N, as urea (Turnbull and Peterson, 1976). Volume response Wwas

defined as the relative increase in periodic annual increment (p.a.i)

of fertilized plots over unfertilized controls. These results
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represented the average of 85 installations throughout weslern
Washington and Oregon. However, about 30% of installations in the
studies above showed no significant response (0 applied N (Gessel et

al., 1990).

Operational fertilization of non-responsive sites is clearly a waste of
resources. Subsequent research has therefore been directed at trying
to characterize non-responsive sites (Peterson et al.,, 1984; Peterson
and Heath, 1986). Multiple regression of 28 environmental, nutrient
and growth potential variables for the 83 installations above showed
that carbon to nitrogen (C:N) ratios, of either forest floor (litter plus
humus) or of the top 15 cm of soil, consistently accounted for the
greatest proportion of the variance in the response of unthinned,
second-growth Douglas-fir throughout western Washington and
Oregon, except in southwest Oregon (Edmonds and Hsiang, 1987).

Response tended to decrease with increasing C:N ratio.

Even though Douglas-fir responds to applied N fertilizer, the duration
of response is brief anf:i the efficiency of use by trees is poor. Long-
term correction of nitrogen deficiencies is seldom achieved with
chemical fertilizers. Nitrogen added through symbiotic fixation or
from applications of organic by-products like sewage sludge can
provide much better lcng-tann response (Cole et al., 1990). Sources

of C in organic material already on-site, like woody debris on the

forest floor, may also play a role in the long-term supply of




nutrients. Soil C has also been linked to the long-term productivity of

forest stands (Edmonds, 1990).

Woody debris is a major source of C on the forest floor in the Pacific
Northwest (Harmon et al.,, 1986). Woody debris also has the capacity
to store significant quantities of N, by microbial immobilization, in
the short-term and release it in the longer term in Douglas-fir forests
of the Pacific Northwest (Harmon et al.,, 1986; Edmonds, 1987,
Edmonds, 1990). Thus woody debris can be both a source and a sink
for N. Decomposing woody residue, primarily as decaying logs, may
be a particularly good source of N (Larsen et al., 1978; Harvey et al.,
1989). The maximum quantity of woody debris accumulates in the
Pacific Northwest immediately after cutting (Dell and Ward, 1971)
and in the old growth stage (Spies et al., 1988). Hence the interaction
of applied N and woody debris is potentially important to the
nutrient dynamics of second-growth forests in the short and long
term. While there has been considerable research on the quantity
and role of woody debris in old-growth Douglas-fir forests (see
Harmon et al., 1986 for a comprehensive review) little attention has
been directed to the role of this component of the ecosystem in the

nutrition of second-growth forests.

Nitrogen immobilization and release are mechanisms that mediate
the availability of N to trees (Edmonds, 1979; Edmonds, 1980; Bosatta
and Staaf, 1982; Edmonds, 1984; Bosatta and Agren, 1985; Edmonds,

1987). Other environmental processes, like decomposition, also
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require N and thus compete for the available pool. Specifically,
microbes involved in decay have been shown to immobilize N in
<lash and forest floor materials (Vitousek and Matson, 1984). Coarse
wondy- debris is another substrate for microbial decay and hence N
immobilization (Grier, 1978) but its role in the immobilization and

. release of N in fertilized Douglas-fir stands has not been examined.

My study examined the effects of N fertilization on C and N stored in
soil and wood in second-growth Douglas-fir stands. I examined the
potential for characterizing sites where second-growth Douglas-fir
did not respond to applied N by quantifying the amount and decay
class of woody debris present, I evaluated the mass and C:N ratios of

all woody debris on the forest floor of a subset of the sites included

in earlier studies by Edmonds and Hsiang (1987).




OBJECTIVES
Since fallen wood may be a significant reservoir for nitrogen and
thus influence the response of second-growth Douglas-fir stands to

applied N fertilizer, the objectives of this study were to:

1. Determine the mass of fallen wood, including both fine and large

materials;

2. Determine the C and N contents of fallen wood and the soil;

3. Determine the biomass and C:N ratios in each decay class of the
large fallen wood component on fertilized and unfertilized, unthinned

stands;

4, Compare the C and N contents of soils in fertilized and unfertilized,

unthinned stands, and

5. Determine if the biomass or C:N ratio of fallen wood related to the

response of second-growth Douglas-fir to urea fertilization.




LITERATURE REVIEW

Nitrogen Availability and Uptake in Forests.

About 95% of the N in most surface soils occurs in organically
combined forms. About 1-3% of this is converted annually by
microorganisms to ammonium and nitrate, forms potentially
available to plants, thus the availability of soil N is dependent on
microbial activity (Bremner, 1965). The ammonium form 1%
preferentially used by most conifers, including Douglas-fir (Edmonds

et al., 1989).

The Nitrogen Cycle

The N cycle is described in detail in many [ex1s; the following
summary is based largely on Binkley (1986) and Edmonds et al.
(1989) and illustrated in Figure 1. Microbes play a key role in N
cycling and availability by decomposing organic matter 10 mineralize,
or release, N as ammonia which, when converted to ammonium, is
available for uptake by most conifers. Nitrification involves the
microbial conversion of ammonium to nitrite and then nitrate under
serobic conditions. Denitrification involves microbial conversion of

nitrate to nitrite and to gaseous N under anaerobic conditions.

Immobilization by microbes usually consumes most of the

ammonium released in decomposition (Vitousek and Matson, 1984,

Binkley, 1986). Litter with a low N concentration, and hence a high
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FIGURE 1: Inputs, internal transfers and outputs of nitrogen (N) in a

forest ecosystem. From Edmonds et al., (1989).




C:N ratio, typically accumulates N from the soil for some years before
releasing it again. The immobilization / release processes are
strongly dependent on the C:N ratio of substrates. Typically, more N
is available for tree growth at substrate C:N ratios below 20:1, while
N is considered to be immobilized by microbes at C:N ratios above
30:1 in fine substrates (Lutz and Chandler, 1946). Release seems to
depend on the nature of the substrate, as coarse woody debris
appears capable of releasing N at C:N ratios above 300:1 (Edmonds,
1987).

Woody substrates such as logs, which may have C:N ratios above
300:1, could not only be an important sink for applied N in the early
stages of decomposition, but also a potential source in the later stages
when C:N ratios drop to 200:1 or below (Graham and Cromack, 1982).
Therefore, characterization of the biomass, decay class, N content and
C:N ratio of woody material on sites that have known responses to N
fertilization appeared to be a potentially fruitful avenue for
¢lucidating the relationship between Douglas-fir growth response

and applied N.
The Concept of Niirogen Availability
Nitrogen available from soil can theoretically be defined by the

following formula:

N total = N available + N immobile; or, by rearranging, (1)




N available = N total - N immobile. (2)

Hence avaiiabla N should be definable by the difference between
total and immobile N. In many cases total N is used as a surrogate Of
indicator for available N (Binkley, 1986). In practice total N is not
well correlated with the growth of many species and specifically not
with the growth of Douglas-fir (Shumway and Atkinson, 1977).
Although representative sampling can be problematic, total N is
relatively simple to measure and has been used widely in both
Douglas-fir fertilizer research (Peterson et al., 1984; Edmonds and
Hsiang, 1987) and in studies of the nutrient dynamics of decaying
wood in Northwestern forests (Grier, 1978; Graham and Cromack,
1982: Edmonds, 1987; Edmonds et al., 1989). It is useful as a
common denominator for the comparison of work on tree fertilization
and wood decomposition. It is, however, important to be aware of the
limitations of total N measurements and of the available N concept

for which total N often acts as a surrogate.
Available N can be defined as:
1. Nitrogen which the plants of interest can take up for growth; or

2. Nitrogen which can be extracted by some standard technique

agreed between plant nutritionists and used as an index of 1 above.

l
|
T
l
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This dichntﬂmy is exemplified by Loneragan (1968) who wrote that
"nutrient requirement has been used to mean both the concentration
in the external solution, and in the plant, when these are not the
same". For example, a plant with a high tissue requirement for
calcium may have a low requirement for calcium concentration in a
culture solution provided that it has a high rate of absorption
(Loneragan, 1968; Ingestad, 1974). Nufrient requirements in the
plant tissue and the external solution are also species dependent

(Ingestad, 1974).

Edmonds et al. (1989) have provided a definition consistent with
definition 1 above, whereby available nutrient is that which is
available for uptake each year. These authors define availability

more precisely as;
Availability = nutrient capital x turnover rate (3)

where capital is equivalent to the total present. They stress that
nutrient availability must be related to the current requirement of
trees, clearly implying that the requirement and hence the necessary

availability varies with time and stage of plant development.

Even an "absolute" measure of availability may be of limited value.
Plants on the most infertile sites in the field are not always most
responsive to nutrient addition (Chapin et al.,, 1986). This i1s counter

to the view that productivity increases with greater nutrient
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abundance, based on the concept that productivity is limited simply
by an inadequate store of the essential nutrient. Chapin et .:il (1986)
note that older individuals respond less than younger OnNes. This
accords with Ingestad's (1981) concept that N uptake 1is related to
relative growth rate, independent of a wide range of concentrations
in the external solution. Thus, p.lants require most mnutrient in the
vigorous exponential growth phase (Ingestad, 1981; Ingestad, 1982;
Axelsson. 1985; Cole et al., 1990).

Several authors circumvent the absence of an absolute measure Of
availability by using N availability indices (Powers, 1980: Edmonds
et al.. 1989). Availability indices are relationships between a
parameter that is measurable and the parameter of interest, such as
growth rate (Keeney and Bremner, 1966), site yield potential
(Powers, 1980) or nutrient deficiency characteristics (Chapin et al.,
1986). Chapin et al (1986) point out, however, that correlations
between measured values and the response of natural communities
to fertilization are limited and assert that this lack of success may
not lie in the quality of measurements but in the nature of nutrient
limitation (hence availability) in natural communities. They believe
that this is at least parily due to interactions between nutrient
competition and other forms of competition in mixed stands and note

further that nutrient responses in controlled conditions are not the

same as those in the wild.

e e b e
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Heasurement of Available Nitrogen

"Available” N can be measured by chemical or biological means.
While neither may truly represent what is taken up in the field by
trees, they are the only practical methods available and hence must

be used if gquantitative measurements are required.

Chemical methods

There are a range of chemical methods to extract "available” N, such
as;

. initial extractable inorganic N using 1 N KCl,

. extraction by boiling with water and KoSOy4 for 1 hour and,

+ autoclaving at 120°C.

Bremner (1965) states that "no chemical method 18 likely to simulate
the activities of microorganisms...” and further that there had "
been little attention given to the performance of field experiments 10
calibrate laboratory methods.” Once the available N is extracted, the

quantity present can be analysed in the same Wway as total N.

Total N is now routinely determined using analyses based on
Kjeldahl's (Kjeldahl, 1883) original procedure (Binkley, 1933). Special
precautions are required to recover Some forms of N such as nitrate

and nitrite, which form a small part of the total, but are important

biologically (Bremner, 19635).
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Biological methods

[n contrast to chemical methods, Bremner (1965) states that
"Incubation methods provide fairly accurate indices of the
availability of soil N to plants® presumably because they "...show
good correlation with crop response.” While this seems a practical
and intuitive understanding of availability, the concept is still not

explicitly defined and is difficult to apply to trees.

Biological methods include either aerobic or anaerobic incubation of
soils, with distilled water, followed by chemical analysis of the
leachate (Eno, 1960; Waring and DBremner, 1964; Keeney and
Bremner, 1966: Powers, 1980; Westerman and Crothers, . 1980;
Binkley, 1983; Binkley, 1986). A drawback of these methods is that
results are markedly affected by air drying and air dry storage of
the samples prior to analysis whereas chemical methods are not

affected by drying (Keeney and Bremner, 1966).

[ncubation methods do have a place when used as originally
proposed by Emno (1960). Keeney (1980) quotes the work of
Shumway and Atkinson (1977, 1978), which showed high correlation
of ammonium production by Waring and Bremner's (1964) anaerobic
incubation method with diameter growth increment of Douglas-fir,

while total soil N content was poorly correlated with growth.

An alternative biological approach involves analyzing foliar samples

for nutrient content and correlating these with the results of growth
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studies (Keeney and Bremner, 1966; Everard, 1973; Powers, 1980).
While potentially suited to annual crop or pasture plants this method
becomes confounded when working with trees since foliar levels are
likely to change with season, location on the plant, age of tree, and
old versus young leaves. It has however been used successfully with

young Douglas-fir (Turner et al., 1988; Blake et al., 1990).

lon exchange resins, buried in bags, combine microbiological and
chemical methods to capture the products of microbial activity
(Binkley, 1983). This method gave results that correlated well with
six other chemical and incubation methods under controlled
conditions in the glasshouse. Results were, however, more variable in
the field where they were more s;nsitive to on-site conditions

(Binkley, 1983).

Vitousek and Matson (1984) found that the activity of N fixing flora
in Douglas-fir logs in Montana was related to the stage of decay and
water content of the woody debris, but not to site quality. This
illustrates the potential importance of environmental conditions in

mediating the N status of a site.

Nitrogen Fertilization and Seoil Carbon Content

Increases in soil and litter C following fertilization with N, with and
without other nutrients, or, following invasion by N fixing plants,
have been reported from various environments in Sweden, New

Zealand, Alaska, British Columbia, Washington and Oregon (Van Cleve
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and Moore, 1978: Kraemer and Hermann, 1979 Binkley, 1983; Baker
et al.. 1986: Nohrstedt et al., 1989). Soil C levels rose between 10%
and 25% in Sweden following fertilization with 150 to 600 kg ha-l of
N as ammonium nitrate and urea (Nohrstedt et al., 1989).
Fertilization with 960 kg ha-l of N, plus other nutrients, increased C
by 115% in the top 5 cm of sand dune soils in New Zealand (Baker et
al., 1986). The increase in C, 0 1 m soil depth, was 17%. The presence
of N fixing red alder caused 30-100% increases in soil C in Douglas-fir
stands in British Columbia and Washington (Binkley, 1983). Thus,
increases in N applied as fertilizer or by biological fixation have often
resulted in increased soil C levels. This has important implications for
long-term site productivity (Edmonds, 1990; Jurgensen et al, 1990)
and may be an important mechanism for C sequestration, with
attendant benefits as a sink for excess atmospheric C (Harmon et al.,

1990: Post et al., 1990).

Prediction of Tree Growth Response

Prediction of tree growth response to applied nutrients is an
important component of any economic approach to improving forest
tree productivity. Tree growth response has been related to many
variables including a number associated with N nutrition. Soil N
indices, like mineralizable N (Shumway and Atkinson, 1978; Powers,
1980; Lea and.Ballard, 1982a) and foliar N (Leaf, 1973; van den
Driessche, 1981; Radwan and DeBell, 1980; Lea and Ballard, 1982b)

are typical examples. More often than not Douglas-fir response has

been related to stand and site variables rather than soil or foliar N
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indices. These stand and site variables have included site index
(Radwan and DeBell, 1980), basal area (Duzan et al. 1982; Ballard
and Lea, 1986), soil depth and composition (Steinbrenner, 1979) and
C-N ratios in soils and forest floor material (Peterson et al., 1984;
Edmonds and Hsiang, 1987). Studies relating Douglas-fir fertilization
response to other environmental components, like woody debris,
which may mediate N nutrition do not appear 1o have been

undertaken.

Synthesis on Nitrogen Availability

The availability of N to plants 1s an intuitive and logical concept, with
some evidence linking it to growth rate. The issue is more complex,
however, than simply the amount of N existing in a form accessible
to plants. The rate of uptake and turnover of N can profoundly affect
the ability of plants to grow. These rates are in turn dependent on
the species of plant involved, cuﬁlpatitinn effects, site type and the
physical and biological environment. These factors make the
measurement of available nitrogen difficult and illustrate the
importance of having a very clear definition of what is meant by the
concept of available. The questions "Available to what?" and
wAvailable for what purpose?" should be answered before  the
concept of "available N" is used. With this forethought the concept
can be useful in a theoretical and practical sense. Given the
limitations of measuring N in ways consistent with the concept of

availability (i.e., measuring an index related to tree response), total N

can be a useful surrogate for available N. Total N is readily measured
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and allows comparison across a range of studies, provided 1ts

limitations are recognized.
Woody Debris in Forests of the Pacific Northwest

Recognition of fallen wood as a significant component of the biomass
and nutrient cycles in forests of the Pacific Northwest occurred
largely as a result of studies connected with the International
Biological Program of the 1970's (Edmonds, 1982). Much of that work
concentrated on "coarse woody debris" (CWD). Definitions of "coarse’
have varied from material >1 cm diameter (Vitousek and Matson,
1984), through logs >10 cm (Dell and Ward, 1971) to only logs >13 cm
in diameter (Harmon et al., 1986). This review considers all of these

materials as they all contribute to the C capital of a site.

This review provides an overview of the quantities of fallen wood
typically found in old-growth forests and cut-over areas, a summary
of a widely used decay rating system for wood on the forest floor
and an outline of efforts to age such decay classes. It also examines
the density of wood in each class and concludes by examining the N
and C status of decaying wood and the way it might influence forest

N nutrition.

Role of Woody Debris

For many microbes, invertebrates, vertebrates and plants, woody

debris represents a vital micro-environment and food source. This 18
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particularly true for microbes and especially fungi, including many

mycorrhizal species (Frankland et al., 1982).

Woody debris provides habitat for both lower and higher plants. It is
a substrate for algae, lichens, mosses and ferns as well as shrubs and
trees. Western hemlock (Tsuga heterophylla (Raf.) Sarg.) seedlings
frequently establish preferentially on fallen logs (Christy and Mack,
1984: Harmon and Franklin, 1989) and red huckleberry is frequently
seen on old stumps (Franklin and Dyrness, 1988). These plants trap
litter and import nutrients to the logs, providing additional resources

for decomposers (Harmon et al., 1986).

Woody debris also provides habitat for animals. Some salamanders
are dependent on the moisture in old logs to survive the dry season
(Maser and Trappe, 1984). Termites and wood-boring insects use
logs as a food source and habitat (Furniss and Carolin, 1977; Edmonds
and Eglitis, 1989). Woody debris also plays an important role in soil
turnover and slope stability, particularly by retarding erosion and
accumulating mineral and organic matler on the upslope side (Collins
et al., 1983; Maser and Trappe, 1984). Logs also form pools in
streams that trap sediment and provide fish habitat (Swanson et al.,

1982).

The significant role of woody debris in C and N storage and cycling is

intimately related to the processes above. Carbon and N dynamics in

woody debris are discussed more specifically below. A key starting
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point is an analysis of the quantity of woody debris present in

Dnuglas-fir forests.

Quantity of Woody Debris in Forests

Old-growth Douglas-fir forests contain from 55 to 581 Mg ha-l of
coarse (>15 cm diameter) woody debris (Grier and Logan, 1977,
Harmon et al., 1986; Spies et al., 1988). Assuming 50% of the biomass
is C (Harmon et al,, 1990) woody debris can contain an amount of C at
least comparable to and sometimes more than the amounts present
in the forest floor or in soil organic matter (Table 1). The total
amount of woody material, including that below 15 cm diameter and
that buried below the forest floor, has not, however, been well

documented.

Measurements of the amount of wood left on a site after logging, and
hence at the time the second-growth stand established, have been
made to assess the volume of potentially merchantable material
remaining or to evaluate the fire danger (Dell and Ward, 1971:.
Howard, 1973; Martin and Brackebusch, 1974; Howard, 1981). It is
doubtful that these have included all of the woody matter present, as
neither a merchantability nor a fire risk study was likely to be
concerned with highly decayed logs. These highly decayed logs may,

however, have important influences on the C:N ratio of the site.

Clearcutting in western Washington resulted in an average woody

residue volume of 280 m3 ha-l of sound material alone or about a
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Table 1. Woody debris dry biomass and forest floor and soil

C content in Douglas-fir stands (Mg hal).

Coarse woody Forest floor C Soil organic  Reference
debris (> 15 cm) matter C
55 473 Grier et al.,
1974
0.6 - 56 15 - 39 Turner and
| Long, 1975
55 - 581 28 - 57 90 - 130 Grier and
Logan, 1977
2 - 20 10 - 390 Edmonds and

Hsiang, 1987

20 - 66 " Spies et al.,
1988

4 - 96 7 - 26 56 Harmon et al.,
1990

82 26 133 Jurgensen et al., i
1990 j

Bigley, 1990

|

R9 - 140 Miller and "
|

|
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40% increase over the pre-harvest dead and cull materials on-site
(Howard, 1981). Other studies of slash on clearcuts in the Douglas-fir
region found an average of between 105 and 314 m3 ha-l of
residues (Howard, 1973) and an average of 520 m? ha-l (range 72
to 508 Mg ha-l) of material over 10 cm diameter (Dell and Ward,
1971). Under harvesting regimes of the 1960's, 53% of logging slash
was found to exceed 38.1 cm in diameter and 2.4 m in length
(Howard, 1971), although changes in utilization standards have

probably reduced this figure now.

An average of 140 Mg ha-l was reported before burning and 89 Mg
ha-1 after burning in the Douglas-fir region of the Cascade Range
(Miller and Bigley, 1990). In eastern Washington, soil wood (i.e.,
woody residues incorporated in the forest floor) can comprise OVer
15% of the organic matter on or in the surface 30 cm of soil, equaling.
or surpassing the organic matter in the forest floor on highly

productive sites (Jurgensen et all, 1990).

~ Logs may cover up to 20% and snags another 5% of the soil surface
on old-growth sites (Franklin et al., unpublished, in Harmon et al.,
1986). They could therefore intercept a portion of any applied
fertilizer and prevent or delay its input to the soil. This point 15
dramatically illustrated by the amount of ash retained on logs,
espamally large, deeply fissured ones, around Mt. St. Helens more

than 12 years after the 1980 eruption (Warren Tacey, personal

observations).
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It i.s also possible that decay fungi may import N into logs via hyphal
mats that ramify through the surrounding soil (Ausmus, 1977). If
hyphae can exploit the forest floor and soil one log-width either side
of a log, and logs cover 20% of the ground, then N may be imported
and temporarily immobilized in logs from up to 60% of the site. The
rate and amount of N imported into logs would presumably depend
on a range of factors including the decay status of the logs, the
quantity of N present and the suitability of the substrate for fungal
growth. No measurements OrF estimates of the quantity of N imported

into logs are known from the literature.

Decay Classes of Woody Debris

Fallen logs have typically been classified by decay class (Graham and
Cromack, 1982:; Sollins, 1982; Maser and Trappe, 1984; Means et al.,
1985: Harmon et al., 1986; Spies et al., 1988). Fallen logs in decay
class I are essentially undecayed while decay class V logs are usually
below the level of the forest floor and are completely soft and
friable, but still identifiable (Maser and Trappe, 1984). A complete
description of the characteristics of each the five decay classes

recognized by Maser and Trappe (1984) is contained in Table 2.

Age of Decay Classes
The aging of decay classes, while critical to biomass and nutrient
turnover rate studies, has received little attention in the literature

because it is difficult and laborious to do. The only comprehensive

published study in the Douglas-fir forests of the Pacific Northwest
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was carried out by dating scars on living trees that had been
damaged by an adjacent log as it fell (Means et al., 1985). These data
were supplemented by aging wesiern hemlock trees that
subsequently established on the fallen logs. The mean ages recorded
for each decay class are listed in Table 3 (Means et al, 1985). The
age shown is the total time, on average, that logs of that decay class
have been on the forest floor. Other studies have shown that the
relative fractions of organic matler in the fine forest floor material

and in large woody material change with time.

The weight of forest floor material stabilizes at 30 to 40 Mg ha-1 in
low site-quality Douglas-fir stands between 75 and 125 years after
stand establishment. The weight of large woody material on the
ground continues to rise to 300 Mg ha-l about 450 years after stand
establishment (Long, 1982). This suggesis that the residence time of
large logs may extend considerably beyond the 219 yr average
inferred by Means et al (1982). At the very least the residence time
could be expected to be highly variable depending on site and
substrate quality, moisture stalus and log diameter (Erickson et al.,
1985: Harmon et al., 1986; Edmﬂnds, 1987). The presence of logs as

carry-over from one rotation to the next (Spies ¢t al., 1988) could
also be expected to significantly change the balance of fine to coarse

material, and hence the uptake and release of nutrients, on a site.

Forest management is believed (o dramatically reduce the amount of

coarse woody debris on a site. Spies et al (1988) and Harmon et al
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Table 3. Mean age of decay classes of Douglas-fir logs. From

Means et al., (1983).

Decay class Mean age Standard error ~ Number of
(yr) of the mean samples

[ 7.0 2.0 16

Il 16.7 2.6 16

I11 32.7 5.1 28

Y 81.6 9.3 19

V 218.7 17.9 15
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(1990) suggest forest management greatly reduces the biomass of
coarse woody debris to levels below the minimum found in
unmanaged forests. Spies et al (1988), Edmonds (1990) and Harmon
et al {IE}'SJID} all report coarse woody debris levels below 30 Mg hal
in second-growth forests. Levels were further reduced to 10 Mg ha- L
in third rotation forests (Edmonds, 1990), giving ris¢ to concern OVer
this loss of a long-term source of organic matter, below the level

contained in fine forest floor materials.

Density of Woody Debris |

A range of density values exists for Douglas-fir logs, by decay class
and age (Table 4). Sollins' (1982) data from the T. T. Munger
Research Forest in southern Washington were most relevant to my
study for several reasons; the T. T. Munger area is within the same
region as the current study, Sollins took fragmentation losses into
sccount, used a higher number of replicates than were used in other
studies, took particular care to obtain representative samples and
included the faster decay rate of smags in the overall values. This last
point is particularly relevant because up to 33% of the gross standing
volume in old-growth Douglas-fir stands can be cull material,
including snags, when those stands are logged (Martin and
Brackebusch, 1974). All stands sampled in my study were logged 50
to 70 years ago when old-growth was still common in the Pacific
Northwest, so it may be reasonable to assume that the range of

woody debris quantities left on the sites I sampled was in the same

range Sollins (1982) measured for logged old growth stands. Sollins'
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Table 4. Measured densities (g cm-d) of fallen Douglas-fir logs by

decay class.

TR NURE T Rk = S S b R i e e

¥
Decay class Reference i
s
I i 11 v vV :
0.4 0.4 0.4 0.3 0.3 Brown, 1974
0.35 0.28  0.28 0.21 0.14  Sollins, 1982 {
0.42 032 027 022  0.08  Means et al, :
1985 :
0.34-0.52 Erickson et al.,
1985
0.20 D.16 Harmon et al.,
1986
0.39 0.37 0.22 0.17 0.13 Spies et al.,
1988

0.31 0.34 0.29 0.23 0.16 Average
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density figures are generally lower than those of other workers 1in

decay classes I, 11 and III and slightly higher in classes IV and V.

Nitrogen and Carbon in Woody Debris

The N content of fallen logs (expressed as mass of N ha-l in wood of
each decay class) rises for some time as they decay and then drops
again. Harmon et al (1986) reported that the N content rose as 1ogs
progressed to decay class IV, then declined again in class V (Figure
2). This pattern could imply that N is initially immobilized in logs and
then released again. Grier (1978) found that the N content of western
hemlock logs rose for 25 years after they fell to the forest floor, and
inferred that net N immobilization occurred within the logs. Vitousek
and Matson (1984) have shown, however, that wﬁndy debris (stems
>1lem diameter) were a sink for only 5% of applied N13 and that the
litter on the forest floor took up the greatest fraction (26%) of

applied N.

Increasing N content through decay class IV was also reported by
Graham and Cromack (1982) for Sitka spruce (Picea sitchensis (Bong.)
Carr.) and western hemlock from the Hoh rainforest of western
Washington. Spruce logs 68 years old and western hemlock logs 33
years old were both in decay class IV, hence N contents continued to
rise for at least that long in each case. Graham and Cromack (1982)

interpreted this to mean that net mineralization had not occurred

even though both species had sustained a weight loss of over 45%.
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Logs are also an important site for microbial fixation of N (Larsen et

al., 1978) and thus aid 1n the net addition of N to the ecosystem.

Immobilization of N in coniferous litter is usually associated with C:N
ratios greater than about 30:1 with mobilization occurring at ratios of
10:1 or less in needles and other fine materials (Edmonds, 1990).
Carbon to N ratios of between 998 and 1488:1 have been found in
Dﬂuglas-fir logs (Edmonds and Eglitis, 1989), although net N release
was helieved by these authors to oOccur after 10 years, when the

ratios were still well in excess of between 100 and 300:1.

Synthesis on Woody Debris

Fallen wood has the potential to intercept, possibly import, and
probably immobilize significant quantities of N when it is fresh and
release N in the later stages of decay. The nutrient immobilization
capacity of a site mediates the amount of applied N that becomes
available to trees following fertilization. Long term response to
fertilization only occurs when the immobilization capacity is

overcome (Prescott et al., 1992).

Whether to retain or get rid of wood on the forest floor has attracted
considerable debate. The following two quotations characterize the
debate: "Soil organic matter is an important factor for the continued
productivity of Inland Northwest forests” (Jurgensen et al.,, 1990)

versus "decline in growth of conifer plantations is caused by

progressive N immobilization in the forest floor during stand

|
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development" (Miller, 1979). [n either case, the role of fallen woody
material is of considerable interest to forest managers with regard to
its role in forest nutrition. Fallen wood has the potential to play an
important role in the N dynamics of a forested site and may have

significant consequences for cost-effective fertilization of second-

growth Douglas-fir stands.




METHODS

This study builds on work on Douglas-fir nutrition carried out since
1969 as part of the Regional Forest Nutrition Research Project
(RENRP; now the putrition project of the Stand Management Co-
operative - SMC). A full description of the design and methods used
then have been published previously (Hazard and Peterson, 1984). A

brief description of the elements relevant to this study follows.

Study Sites

Fourteen unthinned (Phase I) installations established as RFNRP
fertilizer response cxperiments in 1969 and 1970 were used for this
study. This allowed the existing, extensive RENRP-SMC database on

fertilizer response and site conditions to be used.

The fourteen installations sampled were located within the three
RENRP geographic provinces covering western Washington and the
northwest corner of Oregon (Figure 3). Province 1 loosely coincides
with the Puget Sound lowlands, generally comprising gravelly soils
formed following deposition of material by the retreat of the
continental Vashon glaciation about 10,000 years ago (Franklin and
Dyrness, 1988). Province 1 extends roughly from sea-level to 460 m

clevation. Province 2 encompasses the western foothills and slopes of

the Cascade Range from 460 m to the Cascade crest.




FIGURE 3: Location of RFNRP provinces 1.
the 14 experimental installations sampled (small numerals).
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In practice, sample sites are confined below the upper limit of the
vegetation zone dominated by Douglas-fir. Podzolized residual soils
predominate on these sites (Franklin and Dyrness, 1988). Province 4
occupies the coastal zone of Washington and northwest Oregon, the
southern half of which was not glaciated but much of which 1s
characterized by high rainfall and gravelly to sandy, glacial outwash
soils (Franklin and Dyrness, 1988). Elevations range from sea-level 10

430 m.

The design of my study recognized that there were likely to be wide
variations in environmental conditions and hence in the results
obtained across the region. This variation might have been limited by
sampling in one province only. For the results to have practical
application in the future, however, sampling across a range of site
conditions was required. At the same time. the need for meaningful
stratification still needed to be taken into account. To extend the
range of data collected as widely as possible with the available
resources, sites were chosen 10O represent the widest possible range

of growth responses based on existing RFNRP data.

All sites comprised unthinned Douglas-fir stands only, selected to
avoid the confounding effect of thinning on growth response.
Selected stands ranged in breast height age from 22 to 50 years at
the time of fertilization in either 1969 or 1970. All stands were at Or

approaching the stem exclusion stage (Oliver and Larson, 1990) at

the time of the present study. Becausc many installations had been
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logged since ostablishment, insufficient candidates were available
across the range of re.spnnsag to stratify by site index class (King,
1966). Consequently, installations ranged from site index class 1
(index height >41 m at age 50 yr) to class IV (index height 23 to 29
m at age 50 yr). A description of the installations sampled appears in
Table 5. Each RFNRP installation consisted of six square 0.04 ha plots
measuring 20 m by 20 m plus a treated buffer. Initial values of

stand variables are listed in Table 6.

At the time of establishment in 1969 or 1970, urea fertilizer was
applied to two plots at 224 kg N ha-1 to two plots at 448 kg N ha- 1
and two further plots served as unfertilized controls. Using the
procedure of Stegemoeller and Chappell (1990), growth response Wwas
calculated as the relative difference in net total volume periodic
annual increment between the two 448 kg N ha-1 plots and the two
controls for the 4 yr period after fertilization. For the purposes of my
study, three relative growth response classes were arbitrarily
defined as follows: low 0-20 %, medium 20-40 ¢ and high 40+ %. For
my study, one plot fertilized at 448 kg N ha-l and one unfertilized
control plot were randomly selected for assessment at each sampling

installation. All measurements and samples for this study were

collected in June and July of 1992
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Table 6. Stand variables assessed during RFNRP studies.

Variable

Measurement

Procedure

Site index
Age
Rainfall

Soil type

Soil nutrients
Elevation

Volume response

Meters at 30 yr

Stand age, ¥r

Millimeters yr-!

Parent material

and soil order

0 - 15 cm soil

Meiers

Net volume

increment, %

King, 1966

Breast height core at initial
treatment

Nearest weather station

Soil pit in unfertilized area

between plots
Hazard and Peterson, 1983

Topographic map or
altimeter

Difference between

fertilized and conitrol plot

o o ] e
] T R =

e e B B e T i B e it e il R L
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Fallen Woody Debris

Biomass

The biomass of wood on the forest floor was measured using a
modified form of the planar intersect method (Brown, 1974), a
variant of the line intersect method. These methods have been
developed to obtain estimates of woody fuels in forests (Warren and
Olsen, 1964; van Wagner, 1968: Brown, 1971; Brown, 1974) and are
suited for rapid estimation of wood fuel loads over large arcas.

The usual planar intersect procedure involves using two to four
transects, each 60 m long, over a 70 ha area to obtain an estimate
within 10 to 20% of the true load. The true load is assessed by
measuring the dimensions of each piece of woody debris over 76 mm
diameter and by weighing finer material in a sub-sample area
(Brown, 1974). Transects are laid out on a randomly chosen radial
from a random starting point. Radial sampling 1s recommended to
avoid bias due to the non-random orientation of fallen logs after
harvesting operations, especially if cable logging is used (Warren and

Olsen, 1964; van Wagner, 1968: Brown, 1971).

The biomass of all woody material was measured on the RFNRFP
fertilizer response plots by setting out 10 transects, 2 m apart, across
the full 20 m width of the previously established plots (Figure 4). On
steep slopes transects Were usually laid across the slope for ease of

access. While this approach did not result in sampling on random

radii, the closeness of the transecls ensured sampling was

a
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Figure 4a. Layout of sample plots.
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comprehensive without the risk of infrequent sample lines falling

between concentrations of wood.

The diameter of every log (> 76 mm) that intersected the transect
was' measured, to the nearest centimetre, perpendicular to the centre
line of the log. This material was referred to as "large wood." The
same log was often measured more than once due to the closeness of
the transects. This would not be expected to lead to ‘over-estimation
of the volume of wood because the planar intersect method works by
integrating the area of "glices" through logs to obtain volumes (van
Wagner, 1968). Division of the sum of these areas by the number of

<lices measured provides the integration necessary to obtain volume.

The more times a log is measured, the more accurate the calculated
volume since integration assumes addition of an infinite number of
slices. each with no thickness. No patterns of log orientation due to
harvest method were obvious, although logs did tend to lie across the
slope on the steepest sites. Stumps Were omitted as they are not

accurately estimated by the planar intersect method (Brown, 1974).

All fine woody material was also assessed using the planar intersect
method and combined into a single total from measurements of two
sub-classes. The number of pieces in the 2 to 25 mm diameter range
was counted over a randomly selected 1.8 m segment of each

transect. The same random origin was used to count the number of

pieces in the 26 to 76 mm diameter range over a 3.7 m segment of
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each transect (Brown, 1974). The combined amount of all wood 2-76
mm in diameter was referred to as "fine wood." The terms “large
wood"” and "fine wood" were chosen to avoid confusion with the

somewhat loosely defined term "coarse woody debris.”

The width of stumps was recorded along their line of intersection
with the transect but these data were not included in the analyscs
because Brown (1974) specifically recommends that they be
excluded. This is because the Ihutt——swell can give a grossly
exaggerated value to the diameter figure, which is squared in the
calculation step and thus vastly over-estimates the volume of these
-tems. There were never more than two stumps intersected on any
plot, so this step was regarded as introducing only a small under-
estimate into the total wood load present. Some account has been
taken of butt-swell in calculations of stump volumes in the past
(Grier and Logan, 1977) but that method was not used here because
the line intersect procedure did not record stump diameter at
"standard” breast height. It would be possible in future to record

stump diameters and calculate volumes separately.

The total biomass of fallen wood was also estimated visually by
comparing the amount of wood visible with a standard series of
photographs developed for estimating the mass of logging slash in
Douglas-fir - wesiern hemlock forests (Ottmar et al., 1990). The

intent was to see if this very rapid estimation method yielded results
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that correlated satisfactorily with results from the planar intersect

method.

Decay Class

Decay class was assessed visually according to the scheme of Maser
and Trappe (1984) each time a piece of wood was encountered along
the transects (Table 2). This approach gave a realistic assessment of
the quantity of each decay class present, without the usual problems
of having to assign a log to a single class when the extent of decay

varied along its length (Graham and Cromack, 1982).

In addition to assessing the usual characteristics like the presence oOr
absence of bark or branches, the degree of sagging and the color and
texture of the wood (Maser and Trappe, 1984), probing with a 25 cm
steel spike (Lang and Forman, 1978: Lambert et al., 1980) assisted in
the determination of the extent of decay, especially where logs were
covered by moss or buried in the soil. Decay class I logs were sound,
with bark and fine branches intact. They could not be penetrated
with the spike. Large decay class II logs had bark and larger
branches present and the sapwood was only partially softened by
decay. If the log was large and intact, but the bark was missing
entirely and the spike only penetrated a short way, then the
sapwood was judged to be decayed and the log assigned to decay
class III. If the log was large, essentially intact and the spike
penetrated to the heart of the log or the full length of the spike it

was classified as decay class IV. Decay class V logs were soft

#—-_—_
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throughout and offered little resistance L0 penetration by the spike.
Decay class IV and V logs were also typified by the characteristic

red-brown color of the decayed wood.

Small logs, especially when saturated, were often soft enough for the
spike to_ penetrate evel though bark was present and the wood was
still pale yellow in color. These logs were assigned to decay class IIL
If small logs could be penetrated a short distance, only the sapwood
was judged to be rotted and they were classified as decay class IL

The spike would not penetrate even small decay class I logs.
Soil and Wood Sampling for Nutrient Analysis

Soil Sampling

Samples of the top 15 cm of mineral soil were collected using @ 25
mm diameter Oakfield sampler (Qakfield Apparatus Co., Oakfield,
WI). Twenty samples were collected from each plot, 10 at equal
‘ntervals across each diagonal. These samples were thoroughly mixed
and returned to the laboratory in sealed 500 ml plastic bags. Soil
samples were air-dried, sieved through a 2 mm mesh and the fine

fraction retained for analyses.

Wood Sampling
A sample of wood from a representative log larger than 76 mm in
diameter from each decay. class was collected from both the fertilized

and control plots at eight of the installations. Wood samples were
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collected using a hatchet to cut .a we:::lge from each log, since fire
restrictions prohibited the use of a chain saw as recommended by
Sollins (1982). Care was taken 10 collect a sample yielding
representative proportions of bark (where present), sapwood and
heartwood, within the limitations of the technique used. These
samples were not collected volumetrically. Samples were returned to
the laboratory in new kraft paper bags and oven-dried at 70° C.
Largely intact wood in decay classes I, II and TII was ground using a
heavy-duty Wiley mill, while material from decay classes IV and V
was ground using a mortar and pestle. All wood samples were

ground to pass a 2 mm mesh.

Samples were collected to represent the full range of provinces and
response levels for this study (Table 11, Appendix). Due 0 cost
constraints, analyses were not done for all plots and no analyses
were done on the fine wood fraction less than 76 mm diameter. N

and C contents for this material exist in the literature (Edmonds,

1987).
Site Description

At each sampling location aspect, slope, understory vegetation cover,
litter depth and depth of the O1 horizon were recorded. Slope Wwas
measured to the nearest percentage point with a hand-held

clinometer and aspect was recorded to the nearest degree using a

hand-held compass. Vegetation was characterized by a visual
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eétimate of the percentage cover of the predominant species. The
depths of litter and Ol horizon on the forest floor were recorded to
the nearest 5 mm at 10 locations across one diagonal of each plot.
General descriptions of the stand structure, composition, soil type

and evidence of burning were also recorded.
Laboratory Analyses and Calculations

Nutrient Analyses

Total N as ammonia was determined on wood and soil samples using
a micro-Kjeldahl method following lithium sulfate digestion (Bremner
and Mulvaney, 1982) using a Technicon AutoAnalyzer II (Technicon
Instruments Corp., Tarrytown NJ). Carbon was ‘determined by weight
loss following combustion (Nelson and Sommers, 1982) using a LECO

WR-12 analyzer (LECO Corp., St Joseph, MI).

Calculations of Wood Mass and Constituents

The mass of fallen wood in each decay class on each site was
calculated using the following formulas (Brown, 1974);

2-76 mm material: mass = (26.07 - n - d2 -s-a-c) /Nl (4)

76+ mm material: mass = (26.07 - vd2-s-a-c)/ Nl (3)
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whére; n — total number of intersections for the size class
12 = diameter? tables (Brown, 1974) of 2-76mm wood
sd2 = sum of squares of measured log diameters >76mm
$ = density
a _ non-horizontal angle correction (Brown, 1974)
v = slope correction factor (Brown, 1974)

Nl = total length of sampling line for each size class

76.07 = a constant to convert to Mg ha-1.

The density values used were from Brown (1974) for 2-76 mm
material and Sollins (1982) for larger material. Since Sollins' density
figures are generally lower than those developed by others (Table 4)
in decay classes [, II and III and slightly higher in the top two
classes, the mass of fallen wood calculated as present on the sites
studied here could be regarded as a low end estimate in the lower

classes and a little higher in classes IV and V.

The mass of N and C present in wood on-site was calculated by
taking the percentage of each element in the samples from each
decay class and multiplying by the mass of wood greater than 76
mm diameter in each class. Carbon to nitrogen ratios for gach decay
class were expressed as the ratio of percentage weights of each
element from laboratory analyses of each wood sample. Total C:N
ratios for all wood greater than 76 mm diameter on a site Were

calculated by summing the total mass of C across all decay clagses on

. site and dividing by the total mass of N.
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Retrospectivity of Wood Measurements

Clearly the wood present at the time of this study and its decay
status had changed compared to when the plots were established 23
years ago. Published data for the average age of each decay class
(Table 3) were used to help account for these changes (Means et al.,
1985). Since the mean residence time on the forest floor of logs in
decay classes [ and IT was 7 and 17 years respectively, all wood in
these classes at the time of this study was discounted from linear
regressions of tree growth response Versus fallen wood volume
because growth response Wwas measured over the four years
following plot establishment, when the current decay class I and II

wood was not on the ground.

Some of the wood now in decay class III may not have been present
at the time of cstablishment ecither. However, those logs from the
new stand would all have been of small diameter and a small
component of the total compared (O the volume in the large logs
carried over from the previous stand. Decay class III wood was not
discounted, because many of the larger logs could be more than 23
yr old. This may have slightly over-estimated the amount of wood in
decay class III at the time of plot establishment. Wood that was in
decay classes IV through V at the time of the present study was
judged present at the time of egtablishment. A few, small diameter
pieces from the stand may have reached these decay classes since
establishment but the volume would have been very small compared

to the totals.
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Some of the wood measured during this study would have changed
decay class since plot establishment and some would have moved out
of decay class V to become soil organic matter. Since there was 1o
accurate way to know how much was in each class at the beginning,
no useful estimate of these changes could be made. Loss from decay

class V would lead to a slight underestimate of the wood present at

~establishment.

Density of wood decrcases with time as it decays (Table 4), so
measurements today would tend to underestimate the biomass
present earlier. Mass of N per hectare present in each decay class
tends to stabilize as the wood decays beyond decay class III (Harmon
et al., 1986) so time elapsed since establishment was not expected to
unduly influence the amount of N present in wood at the time of this
study compared to the amount present soom after fertilization.
Carbon to N ratios may have fallen slightly if N remained while C was

consumed by decomposer organisms.

Calculations of Soil Constituents

Total mass of N and C in the top 15 cm of mineral soil was calculated
by multiplying the percentage values from the laboratory analyses
by the depth sampled, bulk density and the fine fraction of soil
passing a 2 mm sieve. Fine fraction was calculated as the difference
between total soil and the percentage gravel recorded for cach

installation in the RFNRP-SMC database. Bulk density for each

installation was also obtained from the RFNRP-SMC database.
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Statistical Amnalyses

Means and standard errors were calculated for the depth of the litter
and O1 layers and for the C and N contents in each decay class, using
the statistical package in Microsoft® Excel version 3.0a (Microsoft
Inc., Redmond, WA). A linear regression was fitted to a plot of
estimated versus measured biomass of woody debris for all
installations, using the facilities of Cricket Graph® version 1.3.2

(Cricket Software, Malvern, PA).

Data on biomass, mass of carbon, mass of nitrogen and the C:N ratio
of woody debris by decay class on fertilized and control plots was
tabulated and means and standard variations calculated using the
Systat® version 5.2.1 statistical package (Systat Inc, Evanston, IL).
Systat was also used to carry out analyses of variance on these data,
using independent t tests Wwith equal sample sizes and, where
éignific:ant differences in means existed between decay classes,

Tukey tests were used to make multiple comparisons between the

decay class means.




RESULTS AND DISCUSSION
Biomass of Woody Debris

Amount of Wood

Biomass of wood beneath unthinned second growth Douglas-fir
ctands averaged 73.5 Mg ha-l on unfertilized sites and 79.2 Mg ha"
on fertilized sites (Table 7). Total biomass on individual plots ranged
from 9.8 to 2342 Mg ha-1 (Table I, Appendix). The differences in
biomass of "large" fallen wood in each decay class and in the total
across both "large" and "fine” sizes, and all decay classes, werg not
significant between fertilized and control plots (Table 7). The
standard deviation within all groups Was, however, of the same order
as the mean in each case, indicating the wide variation in the amount
of fallen wood across these sites. There was more wood in the older
decay classes Il through V. These differences were significant on
control plots but not on fertilized plots. The larger amount of wood in
decay classes III through V was most likely carried over from the
previous stand. The relatively lower mass of decay class V wood
recorded may at least partly reflect a failure to detect all of this
material below the forest floor. The ¢maller amount of decay class I
and II wood probably reflected the early developmental stage of the
new stands. The trend to higher biomass of new decay class I wood

on fertilized plots, while not significant, is indicative of their grealer

productivity after fertilization (Stegemoller and Chappell, 1990).




- e p—— .-.j..l.'-. NPT T o e AR H.lli.rﬁr__.a.ﬂ.u A A Ty TR R R T e L R R T TR L T TR T T

L e el L mAy .-.... .un..Flﬂ -...-"—..u.r.u.n...uluﬂ-.“...._.n.“ H-I.I-L..W:..f...lh.n__r"-u..nl.....l“- ..

e

IE'9L 98'El g80° 22 Q0 ¥e EQ'S g8°'¢e 8y L abelany
. (z1°89) (£1°51) (89°8¢€) (e2°22) (5¢°5) (L2°6) (85 ¥)
v G164 e 6121 e 58712 e GE'PE e $0'9 e 91'g ¥6° L paziiited
(a1°8t) {(v2¥1) (eL°ee) (o¥ 0€) (99°¢€) (2o°2) (vt ¥)
a¥'e€L o 26'%| oq 08'2¢ 9 SO'EZ qe Zo'b e 9g'| 10 L |ouon
Jusujeal y
oL A A 1l i I wwe -z
ssea Aeoaq

‘(cog >d) eragjip AuedljIudIs
2l S19119] URIAJJIP YIM MOI JLES UTYHM sueamn sse[d Aedag (SO0 <d) 1uasajjip
Apueopytudis jou 2Je SUWA[OD UTYITM suea[y ‘sesayjualed ur suoneiAap pIEpuE]s

‘pl=u a sueaw - (;-BY gN) sse[o Aeosp £q siusuodwiod poom jo ssew L3 L 2l9elL



53

ﬁn.averagf: of 7.5 Mg ha-1 of fine wood was present on these second
growth plots. There was no difference in this component between
control and fertilized plots. Fine wood made up from 2% to 63% of the
total wood biomass on a per plot basis. The amount of fine wood
present is noteworthy as this component may have been overlooked
in past studies where only coarse woody debris (>15cm) and forest
floor material have been considered..While the finest part of this
component may have been considered as part of the forest floor in
the past, the part nearer 76 mm may not have fallen into either the
coarse woody debris or the forest floor category and may not have

been recorded (Grier and MecColl, 1971).

Litter

The depths of litter and the O1 soil layer were not -significantly
different between fertilized and control treatments, with wider
variation in organic layer depth than in the thickness of litter (Figure
5). Hence fertilization did not result in a significant difference in the
net quantity of forest floor material or of fine or large wood on the

ground.

Synthesis on Woody Biomass

The range and average values for fallen woody biomass recorded in
this study fall within the range of values previously recorded for
second growth Douglas-fir forests in the Pacific Northwest (Cole et al.,,
1968; Grier and Logan, 1977; Harmon et al., 1990). The overall
average of 76 Mg ha-l is more than double the value of 30 Mg ha- 1
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7 B Litter layer -1
B 01 layer
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FIGURE 5: Depths of litter and Ol organic layers on plots fertilized
with O or 448 kg N ha-! up to 22 yr carlier. Bars show standard error
of the mean (n=14).
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cnrﬁmmnly accepted as typical on second-growth sites (Spies et al.,
1988: Edmonds, 1990) and values varied widely across the study
area. This suggests that the contribution of fallen wood to the
nutrient dynamics of second-growth sites may be more significant

than previously supposed.

The wide range of values recorded doubtless reflects variation in
operational practices, as noted by Howard (1973), who found that the
quantity of slash remaining after harvest averaged three times more
on public than private land due to different utilization standards. The
range of biomass values in this study overlaps the lower half of the
range reported by Dell and Ward (1971) for material over 10 cm
diameter on freshly logged sites. The average of 76 Mg ha-1 is
somewhat lower than the average of 89 Mg ha-l reported
immediately after burning logged sites (Miller and Bigley, 1990).
Charcoal was noted on almost all sites in this study. It is reasonable
that the biomass of fallen wood should decline in the 45-90 yr since
cutting and burning. If wood biomass levels do indeed drop to a
minimum 60-80 yr after stand re-establishment (Spies et al., 1988)
then the levels measured here represent that age range and may be
up to twice as great as previously thought. The 7.5 Mg ha-1 of fine
wood measured here was about half of the 14.2 Mg ha-l for fine
woody debris and forest floor in a 60 yr old stand of Dounglas-fir
measured by Grier and McColl (1971), whose samples comprised all

organic material, including mosses and litter but excluded “larger

pieces of rotting wood." Hence the fine wood recorded here could be
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rcg'ar{ied as additional to the forest floor and having about the same

biomass.

The importance of woody debris carryover from previous Douglas-fir
stands has been noted by Spies et al (1988). They estimated that
approximately 76% of the cc-arse. woody debris beneath naturally
regenerated stands 60-80 yr old in the Cascade Range originated in
the previous stand and speculated that sites with high woody debris
accumulations may consequently be more productive, in part due to

the suitability of logs as sites for mycorrhizal activity in dry periods.

The average wood biomass of 76 Mg ha-l recorded here was very

similar to values of 81 Mg ha-l (Sollins, 1982) and 82 Mg ha-1

(Franklin et al., unpublished, in Harmon et al., 1986) recorded for all
fallen logs >15cm diameter in old-growth Douglas-fir stands 450yr
old. This indicates that the carryover from the previous stand 1is
indeed an important contribution to the wood load on the forest floor

of second-growth stands, even after slash burning.

Carbon and Nitrogen in Wood

Carbon
The C concentration of large fallen wood ranged from 46.6% to 54.7%,
with significant differences (p<0.05) between decay classes within

treatments (Table II, Appendix). Values were 2 to 8% greater in

decay classes IV and V than in classes I through III (Figure 6). There

T LA
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FIGURE 6: Carbon concentration (Weight %) in woody debris by decay
class on Douglas-fir plots fertilized with 0 (Unfertilized) and 448

(Fertilized) kg N ha-1 up to 22 years earlier. Bars show standard
error of the mean (n=14).
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were no significant differences in C concentrations of wood belween
fortilized and control treatments within the same decay class.
Consequently, average C concentration for each decay class within

each fertilizer level was used to calculate the mass of C on each plot.

Total mass of C in all fallen wood averaged 32.5 Mg ha-l and did not
differ between control and fertilized plots (Table 8). Mass of C
contained in wood of decay classes III, IV and V was up to an order
of magnitude greater than the amount in wood of classes I and II,
largely due to the greater biomass in’decay classes III through V,
although the standard deviations were in the same range as the
means. There were consequently no significant differences in mass of

C, within decay classes, between fertilized and control plots.

Nitrogen

Nitrogen concentration of large fallen wood ranged from 0.109 to
0.559% and generally increased as the decay class rose (Table III,
Appendix; Figure 7). There were significant differences between
decay classes within fertilization levels. Average N concentrations of
fallen wood on fertilized plots were consistently greater than the
averages for control plots, although these differences were only
significant in decay classes IV and V (p<0.05). Average N
concentration for each decay class within each fertilizer level was
thus used to calculate the mass of N on each site. The calculated total

mass of N in large wood averaged 176.6 kg ha-l on unfertilized sites

and 233.9 kg ha- | on fertilized sites, although




59

i B it P

{00°€)

Bl'8 100}]} 88104
(627 0E)

£¢0'c9 pazinieg
(09°22) W §L-0
BS SV joljuo) nog
{96 vE) (a)-g) (L1712 (gg'e1) (85°2) (es'¥)

G2 9¢ B 880 e 06711 e f9° L) e 98'2 e gR'2 pazijilio4
(p1-52) {e6°2) (9g°21) (6S5°¥ 1) {e2 1) (+6°0)

02 ¥E q £0'8 q 02l q EE'LL qe 06°1 e g0 |osuoy POOpA,

jeloy A Al I i | jusuneasl weuodwod

sse|a Aeoeq

‘(1g61) ‘Sueisy pue Spuowipy UOlf BIEP ID0J} 153104 ‘(co'o >d) yuarajyip
ApueotjiuBrs ale s19139] JUAIZJHIP PIM SMOL UIE LM suvapy ‘(g0 <d) warayip
Apuesijiudis jou 218 SUWIN[OD UIYMM SUBIW sasauaded Ul SUDIBIAIP PIBpUBR)S
‘p1=u Ym sueaw - (j-ey IQ) SLQIP kpoom jo sse[o Aeoap Aq uoqies JO SSBJ

3 QIqEL



60

.0
0.9 -

. B Unfertilized
0.8 1 B Fertilized

Nitrogen concentration (%)

I i IV Y

Decay class

FIGURE 7: Nitrogen concentration (Weight %) in woody debris by
decay class on Douglas-fir plots fertilized with 0 (Unfertilized) or 448

(Fertilized) kg N ha-l up to 22 years earlier. Bars show standard
error of the mean (n=14).
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these differences were not statistically significant due to the large
variations in biomass. The N mass in decay classes III, IV and V was
consistently an order of magnitude higher than in classes I and II
(Table 9, Figure 8), although the standard deviations were of the
same range as the means. There was a consistent trend towards more
N in wood on the fertilized sites but the wide variation in levels
within a decay class meant that these differences were not

significant.

Carbon to Nitrogen Ratio

Carbon to N ratios generally dropped, from a high of 481 to a low of
109, with increasing decay class (Table 10). A statistically significant
difference between higher and lower ratios appeared at class II on
the unfertilized treatment and at class III on the fertilized treatment.
Average C:N on fertilized plots tended to be lower than the averages
for control plots in decay classes III to IV, but these differences were
not statistically significant. Mean C:N across all fertilized plots was
lower (245) than for control plots (284) but the difference was not

significant.

Synthesis on Wood Carbon and Nitrogen Content
Fallen wood contains a significant proportion of the C on the ground
surface and in the soil beneath second growth Douglas-fir stands

(Table 11), making up 38.9% of the total and exceeding the fraction

in the forest floor more than four-fold. Carbon in large wood
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FIGURE 8: Mass of nitrogen (kg ha-1) in woody debris by decay class
on Douglas-fir plots fertilized with 0 (Unfertilized) and 448

(Fertilized) kg N ha-l up to 22 years earlier. (n=14).
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was almost double (34.2 - 36.2 Mg ha-1) the 3.8 - 19 Mg ha-l range

from a previous report (Cole et al., 1968).

The mass of N in fallen wood forms about the same proportion of the
total as that in the forest floor (Table 11), but the dynamics and
timing of its availability to the crop trees are likely to be very
different because the C:N ratio is so much higher (Table 11).
Although the 57 kg ha-l (177 to 234 kg ha'l or 32%) increase in
combined N content of all wood following fertilizalion was not
significant (Table 11), this increase indicates an overall trend
towards continning N immobilization in the decaying wood. The
dynamics of this may be such that N is being both taken up and
released from older wood where the C:N ratio is between 100 and
300 (Edmonds et al.,, 1989). Nitrogen mass appeared to peak in decay
class III wood and decline slightly from there (Figure 8). The data for
control plots in this study were very similar to values published

previously by Harmon et al.,, 1986.

The increased, but variable, mass of N in large wood on fertilized
sites was consistent with the finding by Heilman (1961) regarding
the fate of N applied at 560-672 kg ha-l to Douglas-fir stands in
western Washington. Nitrogen held in wood is likely to form an
important reservoir in the longer term. The increase of 37 kg ha-1 of
N in wood on fertilized sites represents 13% of the 448 kg ha- 1
applied to the RFNRP plots. This compares with -6% to 8% of applied

N reported by Heilman (1961) as being taken up by "old stumps,
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debris etc." Heilman's debris component did not include buried (class
V) logs, which contained 30% of the N in wood on my sites, making

the two sets of results quite similar.

Woody biomass on and in the forest floor is thus likely to have an
important influence on long-term site productivity for two reasons.
First, it comprises a greater carryover of biomass and N from the
previous stand than was previously appreciated for second-growth
sites. Second, its long residence time on the forest floor, coupled with
the retention of a significant mass of N right into decay class V,
implies that it could provide N to the ecosystem for over a century
into the future, with attendant benefits for long-term site

productivity.
Carbon and Nitrogen in Soil

Carbon |

Soil C concentrations ranged from 2.03% to 8.96% (Table Iv;
Appendix). There was a trend towards a higher average level of C on
fertilized sites but the differences were not statistically significant.
Average mass of C was 62.0 Mg ha-l in fertilized soil and 45.6 Mg
ha-l in unfertilized soil, although this difference was not significant
(Table 8). Average mass of C for the total soil depth (range 4 to 184

cm, average 116 cm) over 120 control plots sampled at the time of

plot establishment 22-23 yr ago was 143.5 Mg ha-l (Edmonds and
Hsiang, 1987).
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Increases in N applied as fertilizer or by biological fixation have

often led to increased soil C levels (Kraemer and Hermann, 1979;
Binkley, 1983; Baker et al., 1986; Nohrstedt et al., 1989) and this was
also demonstrated in this study. This has positive implications for
long-term site productivity (Edmonds, 1990; Jurgensen et al.,, 1990)

and may be an important mechanism for C sequestration, with

attendant benefits as a sink for excess atmospheric C (Harmon et al.,

1990; Post et al., 1990). 'ﬁ
Nitrogen :E
Soil N content was generally higher on fertilized sites, but the |
differences were not statistically significant. (Table IV, Appendix). ‘
Calculated average mass of N in fertilized soil was 2703 kg ha-1,

compared to 2164 kg ha-1 for untreated soil but this difference was
not significant (Table 9). These values are reasonable compared to
the average N mass of 7106 kg ha-l (range 245 to 21,432 kg ha-1)
for the total soil depth reported by Edmonds and Hsiang (1987) from
120 RFNRP control plots sampled at the time of establishment.
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Carbon to Nitrogen Ratio

There were no consistent trends in C:N ratios in soils (Table IV,

£,
B
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Appendix). The average value was 24 for both fertilized and

unfertilized soils (Table 10), which is similar to the value of 27

reported by Edmonds and Hsiang (1987) for samples from all control

plots at 120 RFNRP installations at establishment.
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Synthesis on Site Carbon and Niirogen Content

There was a significant increase in the N concentration of wood in
decay classes IV and V (Table III, Appendix) and an accompanying
trend (although statistically insignificant due to the high variability
in wood biomass) to increased mass of N per hectare in decay classes
11 through V following fertilization (Table 9). There was also a trend
for increased mass of C (Table 8) and N (Table 9) in the soil 23 years
after fertilization, although the variance once again rendered this
statistically insignificant. There were, however, no significant
relationships between mass of N in the soil or wood and tree volume
response. This means that 23 years after fertilization of a site there
was increased storage of N in soil or wood or both even though there
had been no response to the fertilizer at the time of application.
Thus, even though a response to applied N did not occur in the
present crop, due to factors other than N limiting tree growth, at
least some of the N remains in the ecosystem and has been

accompanied by an increase in soil C.

A possible explanation for increased soil C mass without a
corresponding increase in above-ground production to provide
increased litterfall has been offered by Nohrstedt et al (1989). They

felt that the increase in soil C could be due to reduced microbial

activity per unit of C (ie., decomposition).
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Woody Debris and Growth Response

Relative net periodic annual increment responses for stands sampled
in my study ranged from 0 to 66% (Table 12). Linear regression of
the relative volume growth response of trees against wood biomass
did not show any significant relationships with either the total
biomass of wood in decay classes III through V or with the biomass
in each of these decay classes alone (Figure 9). There was a non-
significant upward trend in each decay class whereby response was
greater when more fallen wood was present. This trend was clearest
with decay class V wood, but still not statistically significant. This
was consistent with the expectation that sites with a higher load of
wood would have a higher N demand leading to higher response
from the trees when this demand was satisfied by fertilization. Only
analyses involving wood in decay classes equal to or above III were
considered valid since all fine wood and large wood in decay classes I
and II was likely to have fallen to the ground since the responsc

experiments were conducted (Means et al, 1983).

Linear regression of relative volume growth response against wood
C:N ratio did not show any significant relationships with either the
overall C:N ratio for all wood in decay classes III through V or with
the C:N ratio in each of these decay classes alone (Figure 10). There
was a non-significant upward trend in each class implying more
response to applied N with higher C:N ratio. Linear regression did not

show any significant relationship between percentage growth
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Relative net volume periodic annual increment response
after 8 yr for second-growth Douglas-fir stands fertilized
with 448 kg N ha-l as urea. Data from RFNRP - SMC
database.
Province Installation Response (%)
1 1 58
5 59
59 21
T8 0.4

101 34
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response of trees and soil C:N ratio, although the trend was slightly
upwards implying more response to applied N at higher C:N ratios.
Since fertilization did not significantly change the mass of N in the
wood component and this change was only 11% of the change in the
mass of N in the soil component, the change in the wood N could not

be expected to be a useful predictor of tree growth.

Thus it was not surprising that there was no significant relationship
between the biomass or N content of the fallen wood and crop tree
response. This suggests that the large pool of C in the logs, with a
high C:N ratio, was not sufficient to have a negative affect on tree
response to applied N fertilizer. Thus the positive benefits of fallen
wood (Edmonds, 1990; Franklin, 1992) could be realized without
interfering with the response of the crop trees to the applied

fertilizer, at least in young, unthinned stands.

It was quite possible that the amount of N taken up by the fallen
wood was not significant in terms of the total applied and the
amount that was utilized by the living trees. The average growth
response of unthinned Douglas-fir to 448 kg N ha-1 was only
marginally greater than the response to 224 kg N ha-l after four
years (4.14 m3 ha-1 yr-1 'cnmpared to 3.65 m3 ha-l yrl :-Petersnn
and Heath, 1986; Stegemoeller and Chappell, 1990). Hence the 448 kg
N ha-l applied to unthinned stands may have been more than the

trees could utilize effectively. Consequently, the 57 kg N ha-l taken

up by fallen wood may have simply been part of what was in excess
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to the requirements of the trees. This would then account for the lack
of a relationship between the quantity or nutrient content of fallen
wood and tree growth. A logical extension of this work would be to
examine the relationship between wood parameters and tree growth
response on sites fertilized at the application rate of 224 kg N ha-1
normally used in commercial operations. The other extension would
be to examine the same relationship on thinned stands where up to
00% of growth response was predicted by the C:N ratio of the forest
floor when 448 kg ha-l of N was applied (Edmonds and Hsiang,
1987). The role of fallen wood in site I'llltl‘iﬂ]’lf.. dynamics may be
quite critical on these sites where either the amount of applied N 1is
lower, or the trees remaining after thinning are more able to

respond.

The overall C:N ratio of all wood and C:N ratios of wood in each decay
class were also unsuccessful predictors of tree response to applied N,
The change in C:N ratio following fertilizer application was only 12%
and this was nnt*siguiﬂcant (Table 11) hence this ratio could not be
expected to be a useful predictor. Unless the C:N ratios of decaying
wood are normally close to the level at which N immobilization
switches to N release, then the ratio is unlikely to predict response to
applied N. This may explain why the C:N ratio of the forest f[loor

before fertilization was a useful predictor (Edmonds and Hsiang,

1987) while the same ratio for soil was not. The forest floor is

normally at a C:;N ratio of about 40, which is closer to the level where

a switch from immobilization to release occurs so that it offers better
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preﬂictive value because sites with a starting ratio below about 30
respond markedly less than those above 40 (Edmonds and Hsiang,
1987). The forest floor C:N may thus be more sensitive to the

available N status as it affects tree response.

Measurement of the C:N ratio of the forest floor on the fertilized
RENRP sites may cast useful light on why forest floor C:N ratio does
have predictive value. It is also possible that the necessity in this
study to sample sites from a range of site index classes may have
confounded any potential relationship between wood C:N ratio and
tree response. Edmonds and Hsiang (1987) found that response was
best predicted by the composite soil C:N ratio while forest floor C:N
ratio was a better predictor on site classes 1 and 2 than on site
classes 3, 4 and 5. Unfortunately my sample size was too small to
stratify the data by site index, but this may be a useful avenue for

future research.

The greater surface area of forest floor material is also more likely to
be intimately in contact with the ground than logs of an equivalent
mass. Therefore changes in the C:N status of the forest floor are more
likely to reflect the true N availability of the substrate in contact
with the tree roots. Similarly, if the logs are not evenly spread over
the surface, as the forest floor material is, then their "zone of
influence" may include few tree roots and have little impact on tree

nutrient uptake. A useful extension of these preliminary studies

might be to conduct a manipulative experiment to compare the
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cffects between sites with a quantity of wood concentrated into a
few large logs, sites with an equal amount evenly dispersed as a
uniform layer and sites from which the large wood had been

removed.
Planar Intercept versus Visual Estimation of Biomass

There was a significant relationship between the ihiomass calculated
 from the planar intercept measurements and the visual estimates of
biomass based on the stereo photo series (Figure 11). The planar
intercept method is the means used to obtain the actual values
ascribed to the photo series (Ottmar et al., 1990) so this result is not
unexpected. Since this result occurred even though I had no previous
experience with this visual estimation method, it may be a useful
tool if estimates of fallen wood biomass are required from many
plots in the future. Improvements in reliability with increasing user
experience are El]]pﬂl‘Eﬂlli‘{ the norm with this methodology (Maxwell

and Ward, 1976).
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CONCLUSIONS

1. The biomass of wood beneath second-growth Douglas-fir stands
averaged 76.3 Mg ha-l (range 9.8 to 234.2 Mg ha-l) and did not
differ significantly between unfertilized plots and plots fertilized
with 448 kg N ha-l. Fine wood <76mm diameter made up 10% of this
biomass and 79% was wood in decay classes [II to V, which had

largely been carried over from the previous stand.

2. The total biomass of wood was about twica.as much as previous
reports have indicated for second rotation forests. The importance
attributed in the literature to carryover from the previous stand was
confirmed. There was no evidence for increased productivity on sites

with higher accumulations of wood on the ground.

3. The mass of C in wood averaged 32.5 Mg ha-l and did not differ
between fertilizer treatments. This mass represented 32% of the
combined amount of C on the ground and in the top 15 c¢m of soil and

exceeded the amount in the forest floor material by four times.

4, The N concentration in wood on fertilized sites consistently
exceeded the concentration on control sites. These differences were
significant in decay classes [V and V. The N concentration in older

decay classes was significantly higher than in younger classes within

freatments.

e R

TR

o T




80

3. The mass of N in large (>76 mm diameter) wood averaged 176.6 kg
ha-l on unfertilized sites and 233.9 kg ha-l on fertilized sites 23
vears after application. Although these differences were not
significant due to the wide wvariations in wood biomass, woody
biomass was clearly a significant storage site for N following
fertilization. The mass of N in wood was about the same as that in the
forest floor, with each of these comprising about 9% of the total

laying on and in the top 15 em of soil.

6. Average C:N ratio of wood dropped from a high of 481 in decay
class I on the unfertilized sites to 109 in decay class V on the
fertilized sites. There was a significant change in the C:N ratio around
decay classes II and III. The C:N ratio of the wood was much higher
than the values of 24 for the soil and 41 for the forest floor on these
same sites, suggesting that the store of N in the wood will be retained

for a longer period and play a role over longer cycle times,

7. Woody debris is likely to have an important role in retaining
applied fertilizer N on-site in second-growth Douglas-fir forests.
Coupled with the contribution to the organic C stlore, this suggests

that wood carried over from the previous stand may be important to

the long term productivity of these sites.
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8. There was a trend to higher N and C levels in soils that had been
fertilized. This suggests that fertilization with N could contribute to
the fixation of C in forest soils as well as improving the productivity

of trees. This may have important implications for offsetting

increases in global atmospheric C levels.

9. Biomass of fallen wood beneath second-growth Douglas-fir was not
a predictor of response to applied N. This wood, however, contained a
significant pool of N, which increased by 57 kg ha-l (32%) after N
fertilizer was applied to the site, without interfering with the volume

response of the crop trees.
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