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ABSTRACT
SUBSTRATE LIMITATIONS TO TSUGA CANADENSIS AND BETULA
ALLEGHENIENSIS SEEDLING ESTABLISHMENT
By
Laura Michelle Marx

In this dissertation, I provide evidence that the distribution of hemlock (Tsuga
canadensis), yellow birch (Betula allegheniensis), and sugar maple (Acer saccharum)
decaying wood maintains two patterns of tree distribution in Upper Michigan: the eastern
hemlock-northern hardwood patch structure and the hemlock/yellow birch spatial
association. Patches (3-30 ha) of hemlock with scattered yellow birch have remained
hemlock-dominated and the same size for over 3000 years, even when adjacent to patches
of northern hardwood forest usually dominated by sugar maple. Across both patch types,
hemlock are most closely spatially associated with yellow birch, an association that
makes little sense from a life history perspective, since yellow birch is a gap-phase
hardwood and hemlock is a late-successional often slow-growing conifer. However, both
hemlock and yellow birch seedlings are most abundant on wood and, I demonstrate here,
in particular on hemlock wood. I show that hemlock wood is the most favorable substrate
for hemlock and yellow birch seedling establishment (seedling density = 0.42 hemlocks
/m?, 0.60 birches /m?), followed by yellow birch wood (0.21, 0.15), and that sugar maple
wood (0.08, 0.10) and undisturbed soil (0.01, 0.01) are less suitable and support few to no
hemlock and yellow birch seedlings older than three years. Sugar maple seedlings, in
contrast, do not establish on any species of decaying wood (sugar maple seedling density
=0.03 to 0.09 /m? across wood species). Hemlock and yellow birch wood are rare

everywhere, but are most abundant in hemlock patches where they cover 2.8% of the



forest floor, reinforcing the hemlock-northern hardwood patch structure and the spatial
association between hemlock and yellow birch.

I combine field studies of seedling demographics, wood distribution, seed rain,
and decaying wood properties in three field sites in Upper Michigan, USA with
greenhouse studies of seedling growth, ectomycorrhizal colonization, and nutrient content
to determine why hemlock wood and to a lesser extent yellow birch wood support higher
densities of hemlock and yellow birch seedlings than either sugar maple wood or soil.
Hemlock logs are more favorable for hemlock and yellow birch seedling establishment
for several reasons, among them lower pH, sufficient nitrogen and phosphorus supply, a
tendency to decay more slowly than hardwood logs and to be attacked by brown rot rather
than white rot decay fungi, and a tendency to lose bark cover and develop moss cover. A
greater ability to provide ectomycorrhizal inoculum to seedlings and the relative absence
of sugar maple seedlings on hemlock logs may also contribute to the higher survival rates
of hemlock and birch seedlings. The full text of this dissertation is available free of

charge until at least 2010 at www.lauramarx.net.
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CHAPTER ONE
INTRODUCTION
G Li Jucti

Let me begin by explaining the title without forest ecology terms. This is a study
of substrate limitation to eastern hemlock and yellow birch establishment, or a study of
the "preference," if seedlings could choose, of hemlock and birch seedlings to grow on
only certain parts of the forest floor (substrates), parts that are so rare that their scarcity
limits the numbers of those seedlings that are able to survive more than one year
(establishment). The substrates I am particularly interested in are pieces of decaying
wood (logs, downed branches, and stumps).

0 o fthe di .

I begin with a literature review and my own observations concerning the natural
history of hemlock/northern hardwood forests in Upper Michigan. I'll cover where
hemlock and yellow birch grow and why this is an interesting pattern to research. Then I
will list and explain some possible explanations for the distribution of hemlock and
yellow birch.

Chapter 2 can be thought of as the patterns chapter. This chapter, and chapter 3 as
well, contains a draft of a manuscript that will be submitted for publication. In chapter 2,
I show numerical evidence for the patterns of hemlock and yellow birch distribution
described in the introduction. I also describe the distribution of decaying hemlock, birch,
and sugar maple wood in my field sites.

Chapter 3 is a mechanisms chapter. I cover the various factors that I tested to see
which factor(s) could explain why certain species of decaying wood support more

hemlock and yellow birch seedlings than do others. These factors include: light levels,



seed rain, pH, nitrogen and phosphorus content, potential for mycorrhizal inoculation of
seedlings, wood moisture content, decay "pattern”, and residence time of wood. Some of
these factors were measured in the field, while others were examined in the greenhouse
using planted hemlock and birch seedlings.

Chapter 4 is a list of detailed methods not included in other chapters, including a
key to identification of decaying wood to the species level, and chapter 5 is a general
conclusion.

Historical

Forests containing eastern hemlock (Tsuga canadensis (L.) Carr.) covered most of
Upper Michigan and northern Wisconsin until the end of the 19™ century (Comer et al.
1998). Although hemlock is now much rarer, covering an estimated 0.5% of the
landscape in 1980 (Eckstein 1980) and declining at least slightly since then (Woods
2000), it is still an ecological dominant in the forests in which it occurs. Hemlock is a
long-lived canopy tree and has strong effects on the light availability and soil chemistry
beneath the canopy (Finzi et al. 1988b, Ferrari 1999). Hemlock seedlings, however, have
high mortality rates in the first year (Potzger and Friesner 1932 in Friesner and Potzger
1944) and grow very slowly, causing potential for problems with hemlock regeneration.
This contrast between adult canopy trees that are relatively hardy and survive even when
perched on boulders, steep hillsides, or stumps, and seedlings that are killed by relatively
mild weather events and even by hardwood litter has brought more attention to hemlock
than might be expected of a tree that has never been a particularly valuable timber species
(Tubbs 1995). Frederick Clements (Clements in Rogers 1978), Henry David Thoreau

(1854), and Aldo Leopold (1938) are among the early observers of hemlock forest natural



history, while Sarah Harlow discussed the physiology and requirements of hemlock
seedlings as early as 1900.

Yellow birch (Betula allegheniensis Britton) is similar to hemlock in distribution
and seedling requirements, but is an economically valuable timber species and less of an
ecological dominant than hemlock. Much of the research concerning birch (I use “birch”
rather than “yellow birch” throughout -- other birch species are mentioned only in
Chapter 3) has been related to forest management, and there is abundant information
about its nutritional and site requirements (Tubbs 1969, USDA Forest Service 1969,
Canavera 1978, Peterson and Facelli 1992). Birch is firmly in the middle of many
gradients used to group tree species (Sutherland et al. 2000) and so studies of its
regeneration ecology under old-growth conditions, or its natural history in general, are
slightly more difficult to find (Stearns 1951, Reif 1992, Peterson 2000, Woods 2000).
Yet many researchers who explicitly studied only hemlock, as even I did in the first few
months of designing this study, have included observations about birch in their
introduction or discussion sections (Hough 1936, Rogers 1980, Frelich et al. 1993).

N Lhi f hemlock and vellow birc]

In Michigan’s Upper Peninsula, hemlock occurs either in hemlock-dominated
stands or hemlock-hardwood (often dominated by sugar maple, Acer saccharum Marsh.)
stands (Pastor and Broschart 1990). In old growth forests such as the Sylvania
Wilderness, small patches of these two stand types often border one another, and the
boundaries of each patch have changed little in the past 3,000 years (Davis et al. 1993).
There are several ways in which hemlock patches could have originated in the Upper
Peninsula. One way is by replacement of white pine with hemlock in those areas with

suitable soil conditions for pine growth, possibly after fire (Davis et al. 1995, Davis et al.



1998). Davis (1995) also speculates that warmer, drier climatic conditions during
hemlock invasion of Upper Michigan (approximately 3200 years ago) allowed hemlock
to invade areas with adequate moisture, while other areas changed from oak dominance to
sugar maple dominance.

One tree species is commonly found in both hemlock and sugar maple patches:
yellow birch. Birch is a gap-phase generalist species, but shows a distinct association
with hemlock throughout the northern Great Lakes forests, and in both hemlock and
hemlock-hardwood patches (Stearns 1951, Forest Service 1965). In an analysis of the
1996 Forest Inventory Analysis data from northern Wisconsin, Kotar et al. (1999) found
that hemlock and birch have the highest degree of association out of all 22 species found
in these forests. The same studies (Davis et al. 1993, 1995) that show the replacement of
pine pollen with hemlock pollen during the formation of hemlock patches show a
corresponding increase in birch pollen, and replacement of paper birch macrofossils with
yellow birch macrofossils (S. Finkelstein, University of Toronto post-doc, pers. comm.
2005).

From a shade tolerance and life history perspective, the hemlock/birch association
is counterintuitive (Crow 1995). Hemlock should consistently shade out birch (in low
light), or birch should overtop hemlock (in high light), yet the two species not only
coexist but often form pairs or triplets of similar-diameter adult trees (Figure 2.6). While
the association of adult hemlock and birch trees is difficult to explain, the association at
the seedling stage makes more sense. Hemlock and birch are both small-seeded, require
the same germination temperature, and need consistently moist substrates in order to
reach the sapling stage (Houle and Payette 1990, Tubbs 1995). As many as 88% of

hemlock and 74% of birch seedlings that germinate die in the first year (Potzger and



Friesner 1932 in Friesner and Potzger 1944, Linteau 1948). Most of these seedlings die
when the substrate on which they have germinated becomes dry. Hemlock roots, and
birch roots when under dense shade, grow approximately 13 mm (0.5 in) into the soil
during the first full year of growth, which means that even mild droughts resulting in
drying of the top layer of soil can result in seedling death (Friesner and Potzger 1944,
Linteau 1948, Godman and Lancaster 1990, Tubbs 1995). Hemlock and birch seedlings,
however, are often able to start growing in the same places, using germination substrates
that are not utilized by most hardwood species (see Tubbs 1995 and Rogers 1980 for
anecdotal evidence), possibly sharing nutrients through shared mycorrhizal networks
(Booth 2004 and in progress), and coexisting on these substrates through the sapling and
canopy tree stages.

Long-term maintenance of both the hemlock patch structure and the
hemlock/birch association must depend on strong feedback mechanisms (Frelich et al.
1993). Below, I introduce five of the mechanisms known to help maintain hemlock and
birch distribution along with evidence to support each. I end by proposing my own

hypothesis, substrate limitations to the establishment of hemlock and birch seedlings.

1. Slower nitrogen cycling under hemlock canopies (Campbell and Gower 2000)
One form of positive feedback that may maintain hemlock and mixed
hardwood patches is vegetation-caused differences in soil nutrient availability and
chemistry under hemlock and hardwood canopies. Under current soil moisture and
climatic conditions, the only significant differences in cation availability and pH

beneath each forest type appear to be directly caused by the plants currently



occupying each patch of soil (Bockheim 1997). It is not the case that hemlock and
hardwood stands became established on inherently chemically different patches of
soil (Frelich et al. 1993, Bockheim 1997). Once hemlocks are established on a site,
though, nitrogen mineralization rates tend to be lower under hemlock éanopies than
under sugar maple canopies, and the high lignin:N ratio in hemlock litter helps to
maintain this difference (Ferrari 1999, Mladenoff 1987). In addition, hemlock wood
has smaller extractable pools of inorganic N than either birch or sugar maple wood
(see Chapter 3), suggesting that both hemlock litter inputs and wood inputs contribute
to the slower cycling of N under hemlock canopies. Not all studies have determined
that nitrogen mineralization rates are lower under hemlocks, though. The conclusion
authors have come to appears to depend on whether nitrogen cycling is measured at
the individual tree scale or the forest stand scale.

Mladenoff (1987) measured differences on the scale of canopy trees,
comparing the forest floor under hemlock canopies, maple canopies, and gaps in each
forest type. Both N mineralization and nitrification rates were higher under sugar
maple canopies than under hemlocks. In gaps, results were more confusing, with N
mineralization actually higher under hemlock gaps than under sugar maple gaps, and
nitrification rates approximately equal. Mladenoff’s study suggests that differences in
nutrient cycling must be measured on the level of individual trees, not stands, which
are too variable to allow detection of differences in nutrient cycling. Finzi et al.
(1998b) supported Mladenoff’s results. Their measurements of the forest floor
beneath individual hemlock and sugar maple trees (along with four other species)
suggested that net N mineralization and nitrification rates were lower, though not

significantly so, under hemlock than under sugar maple trees. Both papers suggest



that sugar maple and hemlock litter have similar amounts of nitrogen, and so it is the
speed of decay of litter that results in the differences in nutrient cycling beneath each
canopy. Finally, Ferrari (1999) showed a direct correlation between litterfall lignin:N
ratio and N mineralization and nitrification rates in small plots in Sylvania, supporting
the conclusions of Mladenoff, Finzi, and others that hemlock litter is responsible for
the slower nitrogen cycling under hemlock canopies. Conifer species such as
hemlock have higher nitrogen use efficiency than hardwood species such as sugar
maple, and so slower rates of nitrogen cycling could give hemlock seedlings a

competitive advantage over sugar maple seedlings.

2. Lower pH and soil moisture than hardwood stands (Tubbs 1995, Finzi et al. 1998b)
Climate differences under hemlock canopies as opposed to hardwood canopies
include a lower soil pH, drier soil, and cooler temperatures (Finzi et al. 1998b, Stearns
1951, Tubbs 1995). Hemlocks tend to establish on very mesic soils (Godman and
Lancaster 1990, Tubbs 1995), yet the soil under hemlock canopies is drier than that under
nearby hardwoods. Daubenmire (1930) compared evaporation from the soil surface
beneath a hemlock and a beech-maple canopy in Indiana. He found no significant
differences in evaporation under the two canopies, but did find that the top layer of soil
was drier under hemlock than under beech-maple because: 1) the dense hemlock canopy
blocked some precipitation from reaching the forest floor, and 2) hemlocks took up all of
the available moisture from the soil surface, actually bringing soil moisture conditions
below the wilting point for hemlock at several points during the summer. However,
Pregitzer et al. (1983) found that soil moisture varied widely under hemlock stands across

a slope in Michigan. Hemlocks were found on both a relatively dry upland site, and also



at the most mesic site at the bottom of the slope. The differences in topography in this
study were more important than any species-caused differences in forest floor moisture.
In the field sites used in this study, I have hemlock forest floor conditions that range from
very wet (perched water table with almost constant standing water) to very dry (virtually
no understory plants at all, hemlock litter dry to the touch).

Unlike soil moisture and perhaps rates of N cycling, pH under hemlock
canopies does appear to be universally low. Rogers (1980) surveyed hemlock stands
on a transect from Wisconsin to Nova Scotia, and found that the average soil pH
ranged from roughly 4.0 to 4.75 across this gradient (the lowest pH was in east central
Ontario, and the highest on the shore of Lake Superior). No hemlock stand surveyed
had a pH of higher than 5.45, and the minimum pH found was 3.25. Likewise,
Daubenmire (1930) found pH ranges from 3.6 to 4.7 in his Indiana hemlock stands.
This range did not overlap at all with beech-maple stands nearby, where the soil pH
ranged from 5.3 to 7. Finzi et al. (1998b) determined in a study of pH beneath
individual trees that this lowered pH was due to the effects of hemlock litter. The soil
beneath hemlocks was significantly more acidic than that under sugar maple, white
ash, and red maple, and slightly more acidic than beech and red oak soils. Soil pHs
below 7.5 cm depth, however, did not significantly differ, indicating that the pH
change was not an inherent difference in soil microsites, but rather caused by the
vegetation. pH of hemlock logs averages 4.5 whether logs are found beneath
hemlocks or beneath sugar maples (see Chapter 3), so hemlock wood, in addition to
litter, may help to maintain this low soil pH. It is important to note that all three
dominant seedling species in hemlock-hardwood forests (hemlock, yellow birch, and

sugar maple) can germinate at pHs as low as 3.0 (Raynal et al. 1982), so this



mechanism could affect seedling survival but most likely not germination. It is
unclear whether or not lowered pH negatively impacts sugar maple seedling survival

more than hemlock survival.

3. Dense shade cast by hemlock (Bourdeau and Laverick 1958)

In addition to altering the soil chemistry and climate beneath them, hemlock trees
form an extremely dense canopy that causes deep shade in the understory and prevents
even the most shade tolerant seedlings from surviving past the first growing season
(Catovsky and Bazzaz 2000). Though species such as sugar maple readily germinate on
the forest floor of hemlock stands, the dense shade (year-round) and low nutrient
availability result in the death of virtually all seedlings before they can reach the canopy
(Rogers 1978 and Ferrari 1993 in Davis et al. 1993, Frelich and Graumlich 1994). When
disturbance increases the amount of light beneath a hemlock stand, however, reciprocal
replacement is the rule rather than the exception. In mixed stands, sugar maples and
other hardwoods are generally more likely to replace fallen hemlock trees than are
hemlocks (Barden 1979, Frelich and Graumlich 1994). Sugar maples take over about one
third of the small and medium sized gaps that form in old-growth hemlock stands (Dahir
1994). This suggests that dense shade is a critical component of stable hemlock patches,

preventing the ascension of sugar maple to the canopy.

4. Clumped hemlock and birch seed dispersal near adult trees (Houle and Payette 1990,
Rooney and Waller 1998)
Hemlock and especially birch seeds travel far enough to reach most parts of any

stand with adult seed-producing trees (McEuen and Curran 2004), but seeds do not travel



into adjacent stands. Houle and Payette (1990) found that although seeds of birch can
travel considerable distances (mainly by blowing over the snow since these seeds are
winter-dispersed), distribution of seeds is clumped near adult birch trees. Rooney and
Waller (1998), Catovsky and Bazzaz (2000), and McEuen and Curran (2004) did not find
evidence of clumping of hemlock seeds near adults or a positive correlation between
hemlock basal area and seed abundance, but do speculate that seed rain would be an
important limit of seedling distribution on the scale of individual hemlock and sugar
maple patches (which range in size from 3 to 30 ha, Davis et al. 1998). Also, with the
characteristically low viability (less than 25% for hemlock, Godman and Lancaster 1990)
and high first-year mortality of hemlock and birch (Linteau 1948, Chapter 2), small
differences in seed rain as distance from parent trees increase may still affect the number
of established seedlings. This would result in the majority of hemlock and birch

seedlings being found near adult hemlock and birch trees.

5. Susceptibility of hemlock and yellow birch seedlings to smothering by hardwood litter
(Koroleff 1954, Tubbs 1978, Frelich et al. 1993)

Smothering of hemlock seedlings by litter is commonly assumed to be another
reason that hemlock seedlings do not invade sugar maple patches (and since birch
seedlings are similar in size if not more fragile, this mechanism also works for birch).
Koroleff (1954) suggests that leaves directly smother (block light to) seedlings, while
Frelich et al. (1993) propose a combination of smothering and drought, since leaf litter
dries more quickly than underlying soil. In my study, areas with thick hardwood leaf
litter almost never had established hemlock or birch seedlings, but it is possible that

mortality attributed to smothering or drought damage is actually due to some other
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property of hardwood litter, or that the mechanism is different for hemlock and for birch
seedlings. For example, Peterson and Facelli (1992) have suggested that hardwood litter
blocks germination cues in birch. Regardless of the mechanism, sugar maple seedlings
are less affected by leaf litter, since their radicles can penetrate leaf litter to reach mineral
soil beneath and even first-year seedlings are large and tall enough to avoid being covered

by hardwood litter.

Sul limitati hemlock and birch seedli blist

The possible mechanisms listed above help to explain why hardwood species are
unable to invade hemlock stands except in gaps, but they only partly explain why
hemlocks do not successfully invade hardwood stands. Hemlock is the eastern United
States’ most shade tolerant conifer species, and arguably our most shade tolerant tree
(Curtis 1959, Dahir 1994). Hemlocks can become established in as little as 5% of full
sunlight, survive in a suppressed state for decades, and respond to release (increased
growth with sudden increases in light availability) until they are at least 240 years old
(Tubbs 1978, 1995). Hemlock is one of, if not the, only eastern tree species able to
ascend to the canopy without the help of a treefall gap (Frelich and Graumlich 1994).
Why, then, haven't hemlocks shown signs of any meaningful expansion (Frelich et al.
1993) into hardwood patches? And why are birches so closely associated with hemlock
but not sugar maple? I hypothesize that the seedling germination and early establishment
requirements of hemlock and birch limit them to substrates that are more common in
hemlock/birch stands than in hardwood stands, preventing expansion into sugar maple-

dominated stands.
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Many authors have documented one part of this substrate limitation: the
limitation of hemlock (Nelson 1997, Rooney and Waller 1998, Tobin 2001) and to a
lesser extent birch (Stearns 1951, Coffman 1978, Reif 1992) to decaying wood. Because
both hemlock and birch seedlings are drought intolerant and need consistently moist
substrates to establish, decaying wood is an ideal substrate, maintaining high moisture
contents even under drought conditions (Boddy 1983). However, while decaying wood is
more abundant under hemlock than under mixed hemlock-hardwood canopies due to
slower decay rates of conifers (Campbell and Gower 2000), decaying wood is still
available under sugar maple canopies. The substrates to which hemlock and birch
seedlings are limited must be available in hemlock stands but rare or unavailable in sugar
maple stands. The substrate limitation hypothesis, then, can be further defined as the
limitation of established hemlock and birch seedlings to hemlock and/or birch decaying
wood. The first step in testing this hypothesis was to measure where on the forest floor

hemlock and birch seedlings are found, in Chapter 2.



CHAPTERTWO
TSUGA, BETULA, AND ACER SEEDLING DISTRIBUTIONS ACROSS FOREST
FLOOR SUBSTRATES IN UPPER MICHIGAN, USA I: PATTERNS OF
SEEDLING DISTRIBUTION AND SURVIVAL

Abstract: We measured the abundance, survival, and age class distribution of tree
seedlings of Tsuga canadensis (eastern hemlock), Betula allegheniensis (yellow birch),
and Acer saccharum (sugar maple) on decaying wood of the same species and on soil at
four field sites in Upper Michigan, USA to determine whether species of decaying wood
differ in their ability to support seedlings that depend on wood as an establishment
substrate. We also wondered, if wood species differ, what are the implications for forest
structure in the primary hemlock-hardwood forest of Michigan? We hypothesized that
hemlock wood supports higher hemlock and birch seedling abundances and survival rates
than those on maple wood and soil. Birch and hemlock seedlings were highly dependent
on decaying wood for seedling establishment whereas sugar maple showed the opposite
pattern. Independent of seed rain, light, and log size, hemlock logs generally supported
the highest abundances of first-year and established (>1 yr old) seedlings of birch and
hemlock. Averaged over three sites, densities (seedlings/m?) of established seedlings on
hemlock:birch:sugar maple wood:soil were 0.42:0.21:0.08:0.01 for hemlock seedlings,
0.60:0.15:0.10:0.01 for birch seedlings and 0.09:0.03:0.04:0.98 for maple seedlings.
Long-term seedling survival was also greater on hemlock wood, such that hemlock wood
supported seedlings as old as 13 years while on maple wood seedlings > 3 years old were
very rare. Despite this general pattern among sites, site differences in seedling density
were highly significant and may be related to variation in water availability. We conclude

that hemlock wood is the preferred substrate for hemlock and birch seedlings whereas
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maple wood and soil are not. We also conclude that the limitation of hemlock and birch
seedlings to hemlock decaying wood combined with the distribution of hemlock wood
help explain 1) the close hemlock-birch association, 2) the maintenance of distinct,
temporally stable hemlock and hardwood patches, and 3) the decline of hemlock in
managed forests where mature hemlock trees are removed and hemlock wood is
consequently scarce.
Introduction

Numerous studies have shown the importance of decaying wood as an
establishment substrate for the seedlings of some tree species (Gray and Spies 1997,
Cornett et al. 2001, Lee and Sturgess 2001, McGee 2001, Mori et al. 2004, Casperson and
Saprunoff 2005). The association of these species with decaying wood, which is rare
under all circumstances and varies in abundance spatially and with time since disturbance
or stand establishment, may be a critical mechanism structuring forests. For example,
diminished tree mortality and consequently lower decaying wood inputs following
selective logging (Newberry 2001, Hura and Crow 2004) can affect future canopy
composition by decreasing seedling recruitment for those species that favor decaying
wood for establishment (Casperson and Saprunoff 2005). Despite the recognition of the
importance of decaying wood in forest dynamics, wood is usually treated as a single
category or categorized by decay class (Christy and Mack 1984, Takahashi et al. 2000,
Mori et al. 2004), but almost never by species (Cornett et al. 2001). If there is species-
specific variation in the suitability of decaying wood as a seedling establishment
substrate, what are the implications for forest dynamics?

Comett et al. (2001) showed that in northern Minnesota Thuja occidentalis wood

was twice as likely as Betula papyrifera wood to be colonized by new Thuja germinants,
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but given that only new germinant populations were reported it is unknown if these
patterns translate into longer term patterns for established seedlings. In the primary
hemlock-hardwood forests of Upper Michigan we observed that decaying logs of eastern
hemlock (Tsuga canadensis (L.) Carr.) seemed to support more tree seedlings than sugar
maple (Acer saccharum Marsh.) logs, that seedlings were predominantly yellow birch
(Betula allegheniensis Britton) and hemlock seedlings, and that these seedlings appeared
to be rare on the forest floor. Furthermore, sugar maple seedlings appeared to be rare on
logs. The hemlock-northern hardwood system may be ideal for testing for species
differences in suitability of decaying wood because canopy tree distribution in these
forests may depend on seedling establishment substrate preferences and the distribution
of substrates.

Hemlock-dominated forest intermixed with sugar maple-dominated forests
covered large areas of Upper Michigan and northern Wisconsin, USA until the late
1800s. These forests have declined markedly in area since harvesting began in the late
1800s. In Upper Michigan, more than 99% of mature hemlock-hardwood forest has been
converted to other cover types (Noss and Peters 1995), and by 1993 hemlock occupied
only 0.5% of the landscape (Mladenoff and Stearns 1993). Yellow birch, which is
strongly spatially associated with hemlock (Frelich et al. 1993, Kotar et al. 1999), is also
in decline (Woods 2000, Schwartz et al. 2005). The strong hemlock-birch association is
puzzling, as hemlock is among the most shade tolerant trees in north America and birch is
mid-tolerant. However, both birch and hemlock are small-seeded, drought-intolerant
species (Eckstein 1980, Erdmann 1990, Godman and Lancaster 1990), and established
seedlings of both have been found to be associated with decaying wood in primary forests

(Reif 1992, Corinth 1995). Relic primary forests stands show a pronounced patch
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structure with hemlock-dominated patches (3- 30 ha, Davis et al. 1998) with high
admixtures of yellow birch adjacent to sugar maple-dominated patches (Frelich et al.
1993). Pollen core studies indicate that these patch boundaries have changed little since
their formation about 3,200 years ago (Davis et al. 1993), and several self-reinforcing
mechanisms have been proposed to explain the long-term maintenance of patch structure.
These mechanisms include the diminished light, water, and perhaps nitrogen levels
beneath hemlocks which allow hemlock but not sugar maple seedlings to survive (Finzi et
al. 1998a, Campbell and Gower 2000, Catovsky and Bazzaz 2000), and the abundance of
hardwood leaf litter in sugar maple stands, which smothers young, small hemlocks but
not the larger sugar maple germinants and seedlings (Koroleff 1954, Tubbs 1978, Frelich
etal. 1993). While proposed mechanisms offer a partial explanation for the maintenance
of patch structure, they do not explain why hemlock patches almost always contain a
large basal area component of yellow birch, or why the presence of decaying wood in
sugar maple-dominated stands does not result in the establishment of hemlock trees
within sugar maple patches.

In this study we ask: are there differences in the suitability of wood species for
seedling establishment, and if so, do these patterns help to explain the close spatial
association of hemlock and birch and the stability of hemlock-dominated and sugar
maple-dominated patches? We hypothesized that hemlock and birch seedlings are
restricted to hemlock and birch wood for seedling establishment. To address this
question, we identified decaying wood to species and measured seedling abundance,
survival rates, and age distributions across decaying wood and soil at four primary forest

sites in Upper Michigan. Our specific predictions were:
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1. Independent of variation in light, seed rain, and log size, hemlock and birch
seedlings are more abundant on hemlock and birch wood than on sugar maple
wood and soil, and sugar maple seedlings are more abundant on soil than on
wood.

2. Survival of hemlock and birch seedlings is greatest on hemlock and birch wood.

3. The greater abundance and survival of both hemlock and birch seedlings
combined with the predicted greater quantity of decaying hemlock and birch wood
in hemlock-dominated than in sugar maple-dominated stands partially explain the
maintenance of the hemlock-hardwood patch structure and the hemlock-birch
spatial association.

Materials and Methods

Between 2002 and 2005, we studied four primary hemlock-hardwood forests in
Upper Michigan (Table 2.1). Three of these sites, the Porcupine Mountains Wilderness
State Park, Sylvania Wilderness Area (Ottawa National Forest), and the Huron Mountain
Club Reserve (private ownership), are characterized by a patchy distribution of forest
types, with areas of hemlock/birch bordering hardwood forests dominated by sugar maple
with basswood (7ilia americana) (Pastor and Broschart 1990). Stands contain minor
components of balsam fir (4bies balsamea), red maple (Acer rubrum), striped maple
(Acer pensylvanicum), northern white cedar (Thuja occidentalis), and Ostrya virginiana.
Field plots are located in areas that have been selectively logged only for white pine
(Pinus strobus) in the late 1800s (Woods 1981, Simpson et al. 1990). The fourth site, in
the state-owned Sand River area near Skandia, MI, is a patch of hemlock-dominated
forest surrounded by areas that were selectively harvested for white pine, sugar maple,

and birch. Unlike the other three sites, Sand River is poorly-drained, has been mainly
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cleared of birch seed sources, and has lower deer browse pressure (D. Wilson, MDNR,
pers. comm.) This site is treated separately in the results section.

At each site, paired field plots (0.1 ha) were placed on either side of distinct
hemlock/hardwood borders to allow comparison between hemlock (>55% basal area
hemlock) and hardwood (10 - 35% basal area hemlock) stands which could differ in seed
availability, environmental factors, and surface area and species composition of logs.
There were no obvious topographic differences between the members of each pair, and
paired plots were separated by 40 to 110 m. Sixteen field plots were located: seven
within the Huron Mountain Club Reserve (one hemlock plot had no suitable mixed plot
nearby), four each within Sylvania and the Porcupine Mountains, and one in Sand River
(where no uncut areas of hardwoods existed).

Within each field plot, every log, stump, or downed branch > 10 cm in diameter
was counted, and dimensions, decay stage, and wood species were recorded for each
wood piece. Wood pieces are collectively referred to as logs for simplicity, while those
representing main stems are referred to as boles. Logs in decay stage V (the most highly
decayed stage, where wood is almost fully incorporated into surrounding soil; Pyle and
Brown 1998, Graham and Cromack 1982) were not counted. Wood species of the 413
logs present in field plots by 2004 was determined by microscopic examination of thin
slices of wood (40x to 200x, microscopes at the USDA Forest Products Laboratory,
Madison, WI, see Chapter 4 for details), and 47 logs of species other than hemlock, birch,
and sugar maple were excluded from analysis. Note that identification of wood in the
field is not reliable for well-decayed logs; comparison of microscopic features on several

wood cross-sections was required.



All tree seedlings (stems < 30 cm in height in order to be comparable to Rooney
and Waller 1998) growing on a log were counted, identified to species, and their height,
diameter, age class (first-year seedlings or established), and substrate (bark, litter, moss,
etc.) were recorded. For each log, an identical seedling survey was conducted on an equal
surface area of soil 1 m away from and in the same orientation as the log. Soil plots were
randomly placed on either side of a log. Large seedlings/saplings (> 30 cm tall but not in
canopy) were noted when they occurred on either logs or soil, but individuals in this
larger size class were rare or absent in most field plots and are not reported. We
assumed, in order to calculate soil surface area, that stumps were flat and boles and
branches were half-cylinders. Given that most boles were intermediate between flat
surfaces and half-cylinders, this resulted in a conservative measure of seedling density for
boles. In 2002 and 2003, sugar maple seedlings were often so abundant on soil that only
a subsample of seedlings (every 10th or every 20th seedling) was measured. In 2004 each
sugar maple seedling on soil was placed into an age class but other characteristics were
not measured.

In late August 2002, after the high-mortality period of June and July when many
first-year seedlings die of drought, 190 seedlings growing on hemlock (n = 18 logs), birch
(17) and sugar maple (13) logs were marked with plastic toothpicks. Logs were chosen
via stratified (by log species) random sampling from a list of logs of each species in each
site. On each log, we started at one end and marked several seedlings of each available
species, up to 10 seedlings in total without regard to seedling age. Seedling survival was
recorded in summer 2003, 2004, and 2005.

We also collected established (older than one year) hemlock and birch seedlings

from 88 logs in 2002 (see Chapter 3 for more detailed methods). For seedlings > 2 mm in
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diameter immediately above the root collar, we counted growth rings using a 50x
dissecting microscope. Second- and third-year seedlings <2 mm in diameter were aged
in the field by counting bud scars (field aging of hemlock is highly imprecise above three
years of age). Because sugar maple logs only rarely support seedlings, in 2004 we
collected and aged seedlings from 16 additional sugar maple logs with established
hemlock or birch seedlings to ensure that our estimates of maximum seedling age on
sugar maple logs were accurate. Sugar maple logs have therefore been considerably
oversampled and were sampled over a considerably larger survey area than the other
wood species.

Canopy photographs were taken approximately 30 cm directly above each log in
field plots and all logs from which seedlings were sampled using a digital camera (Nikon
Coolpix 995, set to grayscale) with a fisheye lens. All photos were analyzed using GLA
software (Version 2.0, 1999, Institute of Ecosystem Studies) by a single technician.
SideLook software (v. 1.1.01, 2005, M. Nobis, www.appleco.ch), which was developed
in 2004, was used to automatically threshold a subset of 22 canopy photos for
comparison. The gap light indices (canopy openness) of automatically and manually
thresholded canopy photos were similar (matched pairs mean difference = 0.62%, s.e.
0.16, n = 22 pairs, p = 0.001; Pearson's correlation = 0.75).

Seed rain was measured near 15 randomly selected logs within each of 12 plots (3
plots from which the surrounding area had been logged for hardwoods were excluded).
Seed traps were constructed from 22 cm-diameter plastic pots (366 cm? surface area),
lined with plastic weed cloth and with a piece of 1/2 inch wire mesh covering each trap
about 1 inch below the top. Plastic canvas (6 squares per inch) was used in the bottom of

traps to allow drainage but prevent entry of seed predators. Seed traps were placed

20



alongside the midpoint of each log and seeds were collected from August 2003 to late
May/early June 2004, with leaves cleared from trap surfaces in October 2003 at first
snowfall. In 2004, contents of the remaining 137 undisturbed traps (of 180 placed) were
dried at 65°C, and seeds were counted and a subsample was cut open to determine
percentage of seed filled. Birch seeds, the most abundant type, were counted up to 200
seeds, with the remaining number of seeds estimated by weight. Note that seeds were
collected in the year following a mast seed year for birch and sugar maple.

Our data are a combination of seedling density and count data, with individual
logs treated as the experimental unit (except for analyses of survival and age). Factors
examined include site, log species, stand type, and wood area. The large number of zero
values obtained (as many as 97% of logs within a study site lacked seedlings), while
biologically meaningful, made the data difficult to normalize by transformation. We used
negative binomial regression (SAS 9.1.3, proc GLM, dist=nb, SAS Institute, Cary, NC) to
analyze count data, but these data are presented as density (seedling count divided by log
surface area) values in figures and tables. Our Sand River site contained only a single
plot, so we were unable to perform statistics on this site. In addition, in certain years
sample sizes of seedlings at the Huron Mountain field were too low to allow successful
convergence of the maximum likelihood algorithm used by SAS when more than one
variable was included in the regression model. When reliable statistical results could be
obtained for this site, they are reported, otherwise data are reported without test statistics.

Results
Decaying wood distribution
Logs covered a larger percentage of the forest floor in hemlock (5.3% £ 0.71 s.e.,)

than in mixed stands (4.3% + 0.52, paired t-test of percentage of forest floor p = 0.048).
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There was no difference in the average decay stage of each wood piece in the two stand
types (mean = 2.9 and median = 3.0 for both, stages follow Graham and Cromack 1982).
Hemlock logs comprised 35% of the log surface area in hemlock stands, birch 18%, and
sugar maple 29%, with 18% of area made up by minor species (versus 27%, 18%, 48%,
and 8% in mixed stands). Hemlock plus birch logs covered on average 2.8% (27.5 +
7.3m?) of the forest floor in hemlock stands versus 1.9% (18.6 + 5.2 m?) in mixed stands.
At the Porcupine Mountains, but not at Sylvania or the Huron Mountains, hemlock logs
had a greater average diameter than did sugar maple logs (one-way ANOVA, p =0.015,
hemlock = 32.1 cm, sugar maple = 22.7 cm). Surface area distribution of individual
wood pieces did not vary significantly with species at any site (Figure 2.1).
General seedling distributions

Hemlock and birch seedling density were greater in hemlock-dominated than in
sugar maple-dominated plots, but because this difference was due to a single mixed plot
in the Porcupine Mountains, we pooled stand types for analyses of seedling abundance.
Established hemlock and birch seedlings were several orders of magnitude more abundant
on logs than on soils across field sites (Table 2.2). Virtually all soil plots (91%, 274
plots) lacked hemlock and birch seedlings in all three years, while 35% (111 logs) of logs
supported at least one hemlock or birch seedling in at least one of the three years
measured. Sugar maple seedling densities showed a pattern opposite that of hemlock and
birch seedlings, with significantly greater seedling densities on soil than on logs. 42% of
soil plots in 2003 and 75% of soil plots in 2004 (after a mast year in 2003) had at least
one sugar maple seedling. In contrast, only 3% of logs in 2003 although 33% of logs in

2004 supported at least one sugar maple seedling.
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At all sites, for first-year and established hemlock and birch seedlings, the number
of seedlings on hemlock wood was greater than that on sugar maple wood, with the
exception of established birch seedlings at the Huron Mountain Club (Table 2.2, Figure
2.2). Averaged over all sites except Sand River (see explanation below), densities (m?) of
established seedlings on hemlock:birch:maple:soil substrates were 0.42:0.21:0.08:0.01 for
hemlock seedlings, 0.60:0.15:0.10:0.01 for birch seedlings and 0.09:0.03:0.04:0.98 for
maple seedlings. Thus hemlock and birch seedlings were at least five times more
abundant on hemlock wood than on sugar maple wood, and at least 42 times more
abundant than on soil. In addition, although hemlock logs made up 33% of the number of
logs, 34% of the logs in decay stages II through IV (classes most suitable for seedling
establishment), and 36% of total wood surface area, they supported disproportionately
large percentages of the total hemlock (50% to 67%) and birch (40% to 75%) seedlings
on logs, depending on year. In contrast, birch (21% of surface area) and sugar maple
(43%) logs supported proportions of seedlings equal to or below their proportion of log
area.

The difference between the number of established seedlings on hemlock logs and
the number of seedlings on sugar maple logs was significant at the Porcupine Mountains
(seedling counts: log species effect test chi-square p < 0.045 in each year, for each
seedling species; seedling presence averaged over several years: nominal logistic fit,
Wald test p = 0.0025, Table 2.2), and borderline significant at Sylvania Wilderness (log
species effect chi-square p > 0.071 in each year, for each seedling species).

Seedling distributions by site
Collectively, our results suggest that general patterns in abundance of seedlings on

log species are similar across sites, although absolute seedling densities are affected by
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site factors including substrate moisture. There were significant site effects on seedling
counts in all years (chi-square p <0.0001 in each year for each seedling species). At the
Huron Mountain Club, our driest site (based on data from a nearby weather station, Table
2.1) there was an almost complete lack of established hemlock and birch seedlings
despite abundant first-year hemlock seedlings, with established seedlings on between 3
and 10% of logs, depending on the year and species compared. At Sylvania and the
Porcupine Mountains, seedling numbers were higher than at the Huron Mountain Club
and greater proportions of logs (9 to 37%) supported seedlings. Sand River was our only
poorly drained site, and as such was also wettest, with greater soil moisture (79.1%, July
2003) than other sites (average 55.5%, see Chapter 3 for methods). Due to stand size and
composition, Sand River was represented by only a single hemlock field plot, making
statistical comparisons impossible, but there were patterns at this site that warrant
reporting. Established hemlock seedling densities were by far the highest at this site, with
densities on hemlock logs 7.82/m? and soil 1.03/m? compared to less than 0.40/m? and
0.020/m? at other sites on logs and soil, respectively. Compared to hemlock seedlings
birch seedlings were relatively rare (e.g. on logs birch densities ranged from 1.16/m? to
2.00/m? depending on year), probably due to the removal of most nearby seed trees, but
birch densities were still high compared to other field sites. High hemlock densities on
logs and especially on soils at this site are likely due to the presence of continually wet
soil, even in late summer, and illustrate that although logs are still important
establishment sites in wet areas, seedling are less restricted to logs at wet sites than at dry
sites. If we included Sand River as a site there were significant site effects on seedling
counts in all years (chi-square p < 0.0001 for each seedling species in each year, n = 4).

When Sand River was removed, the effect of site was still significant in some cases (chi-

24



square p = 0.0001 for birch seedlings in 2004, p = 0.042 for hemlocks in 2003) but not in
all (p = 0.620 for birches in 2002).

By directly comparing the number of seedlings on each log to the seedlings on its
paired equal-area, nearby soil plot, we could remove site and other environmental effects
and isolate the effect of log versus soil substrate on seedling abundance. Paired t-tests
demonstrated the same patterns seen in the averaged log and soil seedling densities
reported above. With three sites pooled, in 2002 the number of hemlock and birch
seedlings on logs exceeded the number of seedlings on the same area of corresponding
soil by 0.62 (hemlock) and 0.71 seedlings (birch, n = 302, both species paired t-test p <
0.01). Logs also had 9.29 fewer sugar maple seedlings than nearby soils in (n =302, p <
0.0001). In 2004, differences between logs and soils were even larger due to a birch and
sugar maple mast year in 2003; logs had 3.52 more birch seedlings than soil (n=311,p =
0.005), and 30.45 fewer sugar maple seedlings (n =311, p <0.0001). To separate
seedling presence/absence from abundance, we repeated these same paired t-tests using
only pairs where at least one seedling was present (on the log, soil, or both). We obtained
the same results in all cases (with p-values < 0.003).

Environmental factors potentially affecting seedling abundance

Light is a critical resource limiting survival in forest understories, but light levels
did not vary consistently among log species (Table 3.2, Chapter 3). Log surface area also
did not vary among log species, and in most size classes hemlock logs supported the
greatest number of hemlock and birch seedlings (Figure 2.3). Variation in seed rain is
another factor that if confounded with log species could result in a false conclusion that
log species are driving seedling abundance patterns. Although seed rain of hemlock and

birch was greater in hemlock-dominated plots than in mixed plots, seed rain did not vary
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significantly among log species, with the exception that more hemlock seeds fell onto
birch logs than sugar maple logs in mixed stands at the Porcupine Mountains (Table 3.2,
Chapter 3). Because seed rain was only sampled near a subset of logs, the addition of
seed rain to the tests of the effect of wood species on seedling abundance reported above
halved our sample size. This prevented us from testing seed rain in hemlock versus
mixed stands. With stand types pooled, wood species effects on seedling abundance were
no longer significant with seed rain in the model for hemlock seedlings at the Porcupine
Mountains, and the seed rain effect was significant (chi-square p < 0.05). However, when
we tested the strength of the wood species effect alone in hemlock versus mixed plots
(i.e. partially controlling for seed rain and wood abundance differences by controlling for
overstory/seed source composition), the effect of wood species on seedling abundance
was no less significant in mixed plots (where the average p value for wood species effect
was 0.09, with two out of three cases < 0.05) than in hemlock plots (average p = 0.15,
two out of three cases < 0.05) . While seed rain almost certainly affected first-year
seedling abundance, wood species was an important factor determining seedling
abundance even in mixed plots at the Porcupine Mountains, the only site with significant
seed rain differences across wood species.
Seedling survival

Mortality across three years was high, with only 50 of the original 190 tagged
seedlings surviving to 2005. Hemlock seedlings had the highest survival rates when
growing on hemlock logs and the lowest rates when growing on sugar maple logs (Table
2.3). Birch seedling survival was significantly greater on hemlock logs than on sugar
maple logs from 2002 to 2003, even when first-year seedlings (which had higher

mortality rates than established seedlings) were excluded. After 2003, though, birch
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survival did not vary across wood species. We were unable to find an adequate sample
size of sugar maple seedlings growing on logs, but did tag nine sugar maple seedlings, all
but one of which were found growing on hemlock logs. Based on differences in sugar
maple abundance in the year following a mast year, early sugar maple survival on logs
appears to be low. After a mast seed year in 2003, sugar maple seedling density on logs
at the Porcupine Mountains averaged 1.34/m?+ 0.31 (versus 0.045/m?+ 0.026 in 2003,
paired t-test p < 0.0001), but only one third (median = 33%, n = 95; 17% of logs still
supported sugar maples) of the established seedlings in 2004 survived the winter to be
counted in a seedling census in 2005.

The age distribution of hemlock and birch seedlings on logs (Figure 2.4) is
consistent with our 2002-2005 survival data. Both hemlocks and birches older than three
years were rare on sugar maple logs, despite oversampling of this log species in 2004.
Hemlock seedlings were as old as 13 years on hemlock and 12 on birch logs. Birch
seedlings had a similar distribution. Sugar maple seedlings on all log species were very
rare (Figure 2.4).

Discussion
Seedling distribution and survival

At all field sites, hemlock and birch seedlings were more abundant on logs than
on soils whereas sugar maples were more abundant on soils than on logs. Hemlock logs
support the highest seedling densities of both birch and hemlock at each field site (with
the exception of established birches at the Huron Mountain Club). These results support
our hypothesis that differences in the suitability of wood operate on the species level,
with hemlock and birch logs more favorable for seedling establishment than sugar maple

logs. In addition to numerous hemlock, birch, and sugar maple logs, our field plots also
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contained one to eleven Thuja occidentalis (cedar), Abies balsamea (balsam fir), Ostrya
virginiana, Tilia americana (basswood), Acer rubrum (red maple), Pinus strobus (white
pine), and Quercus sp. (oak) logs. Sample sizes of these minor species are too small to
allow statistical comparisons, but in general hemlock and possibly cedar logs serve as
establishment sites for large numbers of hemlock and birch seedlings, while balsam fir,
another conifer, does not appear to support high seedling densities. Among the
hardwoods, only birch commonly supports seedlings.

The restriction of hemlock and birch to logs is likely due, in part, to higher and
more constant water content in logs and their ability to shed leaf litter (Christy and Mack
1984, Cornett et al. 2000), but the scarcity of sugar maple on logs (also noted by Tubbs
1995) is puzzling. Field observations suggest that seedlings germinating on logs become
chlorotic (possibly N deficient, see Chapter 3) and die, often within the first growing
season. The endomycorrhizal sugar maple seedlings (Klironomos 1995) are unable to
join existing ectomycorrhizal (ECM) networks of hemlock and birch (Booth 2004) and to
become colonized by ECM fungi already in wood (Kropp 1982b), which may result in the
observed nutrient deficiency. Logs are one of the few sites on which young hemlock and
birch can escape competition from the much larger and initially taller sugar maples,
which carpet the soil around logs in mast years, even in hemlock stands.

Survival of tagged birch seedlings from 2002 to 2005 was uniformly low across
log types, but hemlock survival was highest on hemlock logs overall and at each site
except Sand River. The differences in early survival rate of hemlock but not of birch are
unexpected since hemlock grows slowly in low light and can survive in the understory for
well over 100 years (Dahir 1994). Our age distribution results are generally consistent

with seedling survival results, but indicate that the oldest birch seedlings are found on
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hemlock logs. Long-term survival of birch seedlings, then, is highest on hemlock logs
even though short-term survival (2002 to 2005) of young seedlings does not differ across
log species. The lack of hemlock and birch seedlings older than four years on sugar
maple logs is particularly striking. Despite oversampling, we found only a single 6-year-
old birch and a single 6-year-old hemlock seedling on sugar maple logs.

Age distribution and seedling survival rates show the continued narrowing of the
niche for successful hemlock and birch seedling establishment. First-year seedlings can
germinate on substrates where established seedlings are almost never found, but quickly
die, often due to drought (Linteau 1948, Friesner and Potzger 1932 in Friesner and
Potzger 1944). First-year seedlings present in May and June were often dead by late
August when we returned to collect wood samples. For the next two years, seedlings may
survive on sugar maple logs. By the end of the third growing season, hemlock and birch
seedlings are found almost exclusively on hemlock and birch logs. Under low light
conditions, they will remain there for decades before ascension to the canopy is a
possibility (Tubbs 1978, Dahir 1994). One important piece of data that is missing from
this study is the distribution of saplings, which would confirm the restriction of seedling
regeneration to hemlock and birch logs. Unfortunately, we found very few hemlock and
birch seedlings taller than 30 cm. At Sand River, the only site at which we found
hemlock saplings, all saplings were either on soil or on conifer (hemlock, balsam fir,
white pine, or spruce) logs. Birch saplings were found on both hemlock and birch logs at
the Porcupine Mountains and Sand River sites.

Possible mechanisms explaining these species-level differences in seedling
abundance are beyond the scope of this paper, and are addressed in Chapter 3. However,

we have shown that light levels and seed rain rarely vary across wood species and are
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therefore not likely to be the cause of variation in seedling abundance. Seed rain was
abundant and varied widely across and within our field sites, only varied with wood
species in a single case whether stand types were pooled (Chapter 3) or as analyzed
separately here, and the effect of wood species was important even in the single site and
stand type at which seed rain differences across wood species were found. Given the
differences in short-term survival of seedlings across wood species, it seems unlikely that
the effects of light and seed rain on first-year seedling abundance (Chapter 3) were
important in determining established seedling abundance beyond the second or third year.
Ecological and management implications

Despite variation across field sites, collectively our results indicate that the
species-level differences in seedling density and survival on decaying wood may help
maintain the boundaries of adjacent hemlock and sugar maple-dominated patches (Figure
2.5). The greater abundance of hemlock wood in hemlock stands (which is not
surprising) may maintain patch boundaries, since hemlock wood, like hemlock litter,
favors hemlock seedlings over sugar maple. Even in hemlock stands, hemlock wood is
rare (covers < 3%) and likely limits seedling establishment. We have shown that
hemlock and birch seedlings are both more abundant and attain a greater maximum age
on hemlock and birch logs than on sugar maple logs. There is, then, a larger and older
seedling bank in areas that have numerous hemlock and birch logs (hemlock stands) than
in those with fewer logs of these species (mixed hemlock-hardwood stands). Recruits
from the sapling bank are quite possibly the only hemlocks that have a chance of reaching
the canopy in between catastrophic disturbances; hemlock sapling that ascend to the
canopy in single-treefall gaps can be quite old (average is 149 years (Dahir 1994)). The

differences in the survival rate of hemlocks on different log species (Figure 2.5) suggest
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that even small changes in the availability of microsites on which hemlock seedlings can
survive their first few decades have a direct bearing on the number of these older saplings
in a stand. Our field plots contained at least 10% hemlock basal area and contained
hemlock logs, yet hemlock saplings were very rare. In a sugar maple stand without
hemlock logs, saplings would likely be absent, preventing hemlock and birch from
invading until a fire or other disturbance removed hardwood litter and allowed
regeneration from seed.

Our seedling distribution results also suggest an explanation for the close spatial
association of hemlock and birch stems (Figure 2.6). Hemlock is almost always found in
stands containing a large basal area component of birch (Brown and Curtis 1952,
Mcintosh 1972, Rogers 1978). In fact, the spatial association between individual
hemlock and birch trees is stronger than that of any other tree species association found in
forests of the Great Lakes region (Kotar et al. 1999, Rogers 1980). The apparent
restriction of both hemlock and birch seedlings greater than four years old to hemlock or
birch logs, and the positive correlation between hemlock and birch seedling densities on
each log (averaged across years, 2004 excluded for birch, r = 0.50, p < 0.0003 at the
Porcupine Mountains) explain this pattern. Seedlings of hemlock and birch often become
established on the same log, and can apparently coexist until it decays, as evidenced by
pairs of stilt-rooted hemlock and birch trees with tangled roots (Figure 2.6). Booth
(2004) has found that hemlock and birch share mycorrhizal networks, offering one
explanation for the ability of the two species to co-occur in such close proximity even
after reaching the canopy. Birch occurs in a number of forest types, but appears to form
this association only with hemlock, further suggesting that it is hemlock wood that

maintains the hemlock-birch association.
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The focus of this study is on differences in the suitability of three wood species
for seedling establishment, but an equally interesting result is the almost complete lack of
established hemlock seedlings at the Huron Mountain and Sylvania field sites. Rooney
and Waller (1998) also noted in their survey of hemlock stands that many stands had no
existing hemlock regeneration, and that the proportion of stands without seedlings varied
by year. Graham (1941) hypothesized that it was not rare, in Upper Michigan, to have
several decades of poor regeneration in which few or no hemlock seedlings become
established, followed by a mast seed year and wet conditions that allowed abundant
regeneration. Our results suggest that at the Huron Mountain site, not only did very few
hemlock seedlings establish between 2002 and 2005, but in all of our field plots except
for the Sand River plot, few hemlock seedlings that established in the several decades
before we began our study survived long enough to grow between 30 cm and canopy
height. At the same time, at least (we only surveyed each field site once during the
middle of the growing season, making this a conservative count) 44 hemlock seedlings
germinated on logs (655 m? total area) in 2002, 230 seedlings in 2003, and 173 seedlings
in 2004, so seed or germination limitation alone are not entirely responsible for the lack
of seedling establishment. Instead, there appears to be high mortality of first-year
seedlings before and/or during their first overwinter period, whether due to frost,
pathogens (although O'Hanlon-Manners and Kotanen 2004 suggest that at least for seeds,
logs provide a refuge from fungal pathogens), lack of sufficient storage reserves to
continue growth the next summer, or browsing by deer in the short period between
snowmelt and hardwood seedling leafout. This high mortality continues over the next
several years, as indicated in Table 2.3, and likely increases again as seedlings reach a

height where they are browsed by deer. Slight differences in the availability of hemlock
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wood, given this high mortality, can translate into large differences in the number of
hemlock and birch seedlings and saplings.

The restriction of hemlock and birch seedlings to decaying wood, and specifically
to hemlock wood which covers less than 3% of the forest floor, is one reason that
established seedlings are usually rare or absent in second-growth forests. Tyrrell and
Crow (1994a) estimate that hemlock-hardwood forests take 400 years to reach peak
coverage of decaying wood, and in forests managed by selection silvicultural systems
decaying wood coverage likely never peaks as trees are harvested rather than left to die.
Even in unmanaged old-growth forests, wood of all species pooled covers at most 10% of
the forest floor in these eastern forests (Corinth 1995, this study), and only an average of
about 5% in our sites. Given the lack of decaying wood in young secondary and selection
harvested forests, management for natural regeneration of hemlock and birch (if planting
of seedlings and saplings is not practical) should include methods to increase the amount
of logs (even scattering of wood pieces as small as 0.029m? (43x43in) supported
seedlings). Seeding of existing logs may also be helpful. We seeded logs with hemlock,
birch, and sugar maple seeds in 2003, but very few seeds germinated and thus further
trials are necessary. At least in moderately wet forests such as those found in the
Porcupine Mountains, our results indicate that survival and establishment of seedlings
will be better on hemlock or birch logs than on sugar maple logs. Forest management
guidelines in Michigan and Wisconsin include leaving some snags (dead standing trees)
or trees of low economic value standing to become decaying wood in the future and for
wildlife habitat (Martin and Lorimer 1996, Neumann and Peterson 2001), but do not yet

specify which species should be left. Sugar maple logs support few young hemlock and
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birch seedlings and no older seedlings, and log species must be considered in efforts to
understand and increase hemlock and birch regeneration.
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Table 2.1. Locations and characteristics of field sites. Weather data were obtained from

NOAA COQP weather stations and are the sum of 2003 monthly averages: Marquette

weather station (46°33'N / 87°23'W) for the Huron Mountains, Marquette Wso Airport

(46°32'N / 87°33'W) for Sand River, Ontonagon (46:50N/89:12W) for the Porcupine

Mountains, and the Lac Vieux Desert, WI (46:07N/89:07W) station for Sylvania.

Ecological sections follow Albert 1995. ATM = Acer-Tsuga-Maianthemum, ATD =

Acer-Tsuga-Dryopteris, and TMC = Tsuga-Maianthemum-Coptis (Kotar et al. 1988).

Site Latitude and | Summer Ecological section and | Growing
longitude precipitation | subsection season (days
(UT™M (inches) (May | /Habitat type with min.
coordinates) | through temp. >=
September) 32F)
Huron 46:52 N 13.02 inches | IX.2 Michigamme 209
Mountain 087:51W Highland/ATM and
ATD
Porcupine 46:42-8 N 16.53 IX.8 Lake Superior 180
Mountains | 089:41-:58W Lake Plain and 1X.6.1
Gogebic-Penokee Iron
Range/ATM and ATD
Sylvania 46:12-3 N 17.72 IX.3.2 Winegar Not
Wilderness | 089:14W Moraine/ATM and recorded at
ATD station.
Sand River | 46:26N 16.58 VIL.3 Dickinson/TMC | 178
087:11W
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Table 2.2. Density (seedlings/m? with s.e. in parentheses) of hemlock and birch seedlings
on different forest floor substrates. Established seedlings are older than one year, first-
years refer only to seedlings in their first growing season. Hemlock densities are
averaged over 2002-2004, while birch and sugar maple densities exclude a mast year in
2003 (2003 is excluded for first-year seedlings, 2004 for established seedlings). n= 302

logs and soils in 2002, 308 in 2003, and 312 in 2004.

Site SubstrateHemlockHemlock ~ [Birch Birch density Maple Maple
density density density (established) |density density
(first-  (established) (first- (first-  (established)
ear) ear) ear)
[;lluron Hemlock| 1.08 | 0.19(0.08) | 0.07 | 0.13 (0.08) | 0.39 | 0.02(0.02)
ountain [logs 0.41) (0.04) (0.28)
Birch 047 | 0.07 (0.04) | 0.15 | 0.01 (0.01) | 0.20 | 0.02(0.02)
logs 0.17) (0.10) (0.09)
Maple 0.22 | 0.05(0.04) | 0.12 | 0.14 (0.14) | 0.15 0(0)
logs (0.05) (0.09) (0.06)
(\ll logs | 0.58 | 0.11(0.03) | 0.11 | 0.11 (0.06) | 0.22 | 0.01 (0.01)
(0.15) (0.05) (0.09)
All soil 0.14 | 0.01 (0.00) | 0.04 0(0) 1.89 | 2.44 (0.50)
(0.04) (0.02) (0.24)
I::rcupine Hemlock| 0.50 |0.70(0.21) | 5.33 | 1.22(0.53) | 0.15 | 0.09(0.03)
ountains logs (0.18) (2.47) (0.08)
Birch 0.41 |0.41(0.18) | 1.88 | 0.16(0.09) | 0(0) | 0.05(0.05)
logs 0.17) (0.66)
Maple 0.06 |0.02(0.02) | 0.33 | 0.02(0.01) | 0.01 0(0)
logs (0.06) (0.24) (0.01)
All logs | 0.35 | 0.43(0.11) | 3.06 | 0.62 (0.26) | 0.07 | 0.05 (0.02)
(0.10) (1.19) (0.03)
All soil 0.12 | 0.01 (0.00) | 0.19 | 0.01 (0.00) | 0.18 | 2.63(0.52)
(0.04) (0.06) (0.04)
Sylvania Hemlock| 0.52 |0.76 (0.68) | 4.89 | 0.44 (0.35) | 0.23 | 0.17(0.17)
Wilderness{logs (0.45) (3.24) (0.18)
Birch 0.29 |0.27(0.15) | 0.45 | 0.28 (0.26) | 0.12 | 0.03 (0.03)
logs (0.13) (0.16) (0.06)
Maple 0.08 {0.36(0.10) | 0.75 | 0.14 (0.08) | 0.37 | 0.11(0.06)
logs (0.05) 0.31) (0.23)
All logs | 0.22 | 0.41(0.14) | 1.41 | 0.24 (0.10) | 0.24 | 0.10(0.05)
(0.09) (0.62) (0.12)
All soil 0.01 |0.02(0.02) | O | 0.01(0.00)| 0.88 | 4.74(0.76)
(0.01) (0.02) (0.15)

36




Table 2.3. Percent survival of birch and hemlock seedlings on different log species. 2003
represents survival from late summer 2002 to mid summer 2003. 2004 represents
survival to the third, and 2005 survival to the fourth, growing season. For each column
(not row), percent survivals with different letters were significantly different (Fisher's
exact test, individual contrasts between species, p < 0.05). n =96 hemlock and 85 birch

seedlings, sugar maple seedlings not shown.

Birch survival Hemlock survival

2003 2004 2005 2003 2004 2005
Hemlock 62.7%a | 209%a | 11.6%a | 90.3%a | 67.7%a | 55.2%a
wood
Yellow 56.5%a | 26.1% a | 13.0%a | 66.7%b | 46.2% a | 35.9% ab
birch wood
Sugar 26.3%b | 15.8%a | 10.5%a | 65.4%Db | 46.2% a | 28.0%b
maple
wood
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Figure 2.1. Distribution of surface area of logs. All sites are pooled, n = 318 logs total.
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Figure 2.2. Hemlock and birch seedling densities across substrates at the Porcupine
Mountains. Densities are means + 1 s.e. of established (older than one year) seedlings,
averaged across all years for hemlock and excluding the year following a mast year
(2004) for birch. n =101 logs and 101 soils. Other sites show different densities but

similar patterns across substrates, as indicated in Table 2.2.
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Figure 2.5. Estimated probabilities of survival of seeds and seedlings on hemlock logs,

sugar maple logs, and soil at the Porcupine Mountains field site. Probabilities of survival

for hemlock seeds or seedlings are listed first, followed by the probability of birch

survival. All probabilities were generated by dividing the density of seedlings in an age

class by the density of seedlings/seeds in the previous age class, except for probabilities

of survival from first-year to establishment on logs. These probabilities are based on

survival of tagged seedlings.



Figure 2.6. Paired hemlock and birch canopy trees. The birch tree is labeled with a B, the
hemlock tree with an H. Photo was taken at Sylvania Wilderness Area, near Devil's Head

Lake.
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CHAPTER THREE
TSUGA, BETULA, AND ACER SEEDLING DISTRIBUTIONS ACROSS FOREST
FLOOR SUBSTRATES IN UPPER MICHIGAN, USA II: MECHANISMS
UNDERLYING SEEDLING DISTRIBUTION
Abstract: Eastern hemlock (Tsuga canadensis) and yellow birch (Betula allegheniensis)
seedlings in primary Upper Michigan hemlock-hardwood forests are limited to decaying
wood for establishment. In an earlier study, we demonstrated that seedling densities and
survival are greater on hemlock wood than on birch or sugar maple wood. Here, using a
natural experiment at three field sites and a greenhouse experiment, we quantified
intrinsic wood chemical, physical and decay characteristics among three species of
decayed wood and related them to seedling abundance, survival and growth. Water and
light availability did not vary among decayed wood species. Instead, higher hemlock and
birch seedling survival on hemlock than sugar maple wood may have been associated
with the lower pH, more balanced nitrogen and phosphorus supply, greater likelihood of
seedling mycorrhizal infection, greater moss coverage, tendency to decay by brown-rot
fungi, and longer residence time in decay classes favorable for seedling establishment of
hemlock wood. These endogenous factors acted independently of exogenous factors such
as light availability and stand type, and suggest that other species of wood with similar
characteristics may be important for seedling establishment in hemlock-hardwood forests
and in other systems.
Introduction
In an earlier study we demonstrated that the abundance and survival of eastern
hemlock (Tsuga canadensis (L.) Carr.) and yellow birch (Betula allegheniensis Britton)

seedlings in primary hemlock-northern hardwood forests differ among establishment
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substrates in the following order; hemlock wood > birch wood > sugar maple wood and
soil (Chapter 2). We also found that these patterns were independent of the exogenous
factors seed rain, light availability, and decaying wood piece size, suggesting that
variation in endogenous species specific-characteristics were responsible.

There is little information on species differences in decaying wood characteristics
of possible relevance to tree seedling survival and growth. However, efforts directed at
explaining the greater abundance of hemlock and birch seedlings on wood, in general,
than on undisturbed soil might offer some insight on what some of these factors might be.
Compared to soil, wood has greater water content (Boddy 1983, Tubbs 1995), less leaf
litter (Harmon 1989, but see Simard et al. 2003), attainment of germination temperatures
earlier in the spring (Godman and Lancaster 1990), fewer fungal pathogens (Zhong and
van der Kamp 1999, O'Hanlon-Manners and Kotanen 2004), and reduced densities of
sugar maple (Acer saccharum Marsh.) seedlings (Tubbs 1995, Chapter 2). Of these, the
high water content of wood and its relative lack of hardwood leaf litter (which can kill
seedlings by smothering them, blocking germination cues, or drying out quickly; Koroleff
1954, Peterson and Facelli 1992, Corinth 1995) are two of the best-studied explanations
in hemlock-hardwood forests (Godman and Lancaster 1990, Frelich et al. 1993).
Abundant hemlock and birch regeneration on soil after litter-clearing disturbances such as
fire or mechanical scarification is indirect evidence for the importance of litter shedding
by logs to seedling establishment (Maissurow 1941, Peterson and Facelli 1992, Strong
1995, Simard et al. 2003). Log species could vary in litter shedding if surface
characteristics differ, and western conifer species do vary in these respects (Harmon
1989). Wood that is effective at shedding leaf litter, however, also tends to shed seeds

(Harmon 1989), so a thin layer of litter might be a more favorable surface for seedling
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germination than bare wood or bark. Soil beneath hemlock canopies is usually dry and
often below the wilting point of most seedlings and herbs (Daubenmire 1930, but see
Pregitzer et al. 1983). Decaying wood, on the other hand, is usually the wettest substrate
on the forest floor (Cornett et al. 1997) and dries out slowly even under full sun (Boddy
1983), factors which might be particularly important for small-seeded, drought-intolerant
seedling species such as hemlock and yellow birch (Friesner and Potzger 1936, Linteau
1948, Erdmann 1990, Godman and Lancaster 1990). In the one study we are aware of
that compared decaying wood water content among species, water content did not differ
between Betula papyrifera and Thuja occidentalis wood in the field (Cornett et al. 1997).
Wood species are known to differ in wood chemistry (Arthur et al. 1993), decay
rates (Arthur et al. 1993, Tyrrell and Crow 1994a ), and predominant decay fungi (Zabel
and Morrell 1992), all of which are likely interrelated and have implications for factors
associated with tree seedling establishment. Differences in decay rates could affect
nutrient cycling (see below) and the residence time that wood is available as a substrate
for seedling establishment. Shorter residence time would reduce the chance of seeds
encountering a log and becoming established, and also may result in logs decaying out
from underneath slow-growing, light-limited saplings before those saplings are able to
physically support themselves. Seedlings as old as 13 (hemlock) and 9 years (birch) can
be less than 30 cm tall when growing beneath a closed forest canopy, with
correspondingly slow root growth (Marx, unpublished data). In general, hardwood logs
are thought to decay more quickly than conifer logs (Arthur et al. 1993), but comparative
field data are scarce (Chapter 2). Furthermore, most seedlings are found on decay stages
Il through IV (middle decay stages, Takahashi et al. 2000), so the residence time of these

decay stages is particularly important.
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Log species could differ in their abilities to provide mineral nutrients to tree
seedlings. These differences could be associated with interrelated differences in wood
chemistry, decay organisms, decay rates, and associated biota (e.g. mycorrhizae), but
these linkages are largely speculative and unexplored. Of all the macro- and
micronutrients, nitrogen (N) is often regarded as the most limiting nutrient in northern
temperate forests, (Cole and Rapp 1981), though evidence of N-limited seedling growth
and/or survival in understories is scarce and equivocal (Walters and Reich 1997,
Catovsky and Bazzaz 2002), perhaps because light is very low and most limiting in these
habitats. Furthermore, it is not known if seedlings should be expected to be
predominantly N-limited on decaying wood as nutrient cycling in decaying wood is little
studied. Studies to date suggest that mineral N concentrations and mineralization rates in
(or under) decaying wood are similar to those for forest floor (Takahashi et al. 2000,
Spears et al. 2003). Species comparisons of total N content have indicated that hardwood
wood initially contains more N than conifer wood (Arthur et al. 1993), but the amount of
N changes with decay stage (Holub et al. 2001) and is highly variable. Spears et al.
(2003) found few differences not only in mineral N concentrations but also for organic N
and a broad range of cations in solutions collected with lysimeters beneath the decaying
wood of four conifer species. Arthur et al. (1999) found that total calcium and
magnesium concentration on a mass basis were lower in birch than in sugar maple wood.
Given what little attention has been paid to species specific differences in wood chemistry
related to plant nutrition, generalizations cannot be made. Conceivably, specific limiting
nutrients in decaying wood could differ from forest floor layers, and also among species

of decaying wood.
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If there are differences in nutrient availability to seedlings among log species, they
could be mediated, in part, by differences in pH. Phosphorus and zinc, for example, are
more available on organic substrates at pHs well below neutral (Smith 1989). Another
possibility is that species may vary in their biotic communities in ways that affect plant
nutrient availability but which can not be measured as solute concentrations or
mineralization rates. For example, uptake of N and especially of phosphorus is increased
by ectomycorrhizal infection (Kytoviita and Armebrant 2000, Perez-Moreno and Read
2000). Mycorrhizae are not necessary for, but do increase the rate of, uptake of amino
acids, an organic N source for tree seedlings (Perez-Moreno and Read 2000, Persson and
Nasholm 2001). Mycorrhizae are likely to be a requirement for long-term survival of
eastern hemlock seedlings given the advantage they provide for nutrient acquisition and
given the obligate mycorrhizal nature of the closely related western hemlock (Christy et
al. 1982). Furthermore, the logs of western conifers serve as refuges for mycorrhizal
fungi and serve as inocula for western hemlock seedlings (Harvey et al. 1976, Kropp
1982c), although it is not known if western hardwood species (e.g. Alnus rubra Bong.)
can serve the same purpose. In our study system, it is possible that, like western conifers,
eastern hemlock wood provides mycorrhizal inocula for eastern hemlock and yellow
birch seedlings (both ectomycorrhizal species) and it is possible that it does this to a
greater degree than does sugar maple wood.

Wood decaying fungi fall into three general classes, brown rots, white rots and
soft rots. Soft rots are associated primarily with angiosperm wood, typically attack only
the outer layer of wood early in decay (Goodell et al. 2003) and are numerically relatively
unimportant as wood decomposers compared to brown and white rots, thus they are not

examined further here. White- and brown-rotted wood have different textures and
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patterns of decay, and although a single log may have sections decayed by both types of
fungi, in general deciduous species are attacked by white rots and conifers by brown rots
(Zabel and Morrell 1992 ). Brown rot fungi primarily digest cellulose and hemicellulose,
altering but not consuming most of the lignin in the wood and resulting in wood with
characteristic cubical breaks (Goodell et al. 2003). White rot fungi can digest lignin as
well, and cause decaying wood to break apart in soft strings. White rots depolymerize
wood components and then immediately digest the products, while brown rot fungi
initially depolymerize wood more rapidly than they are able to consume it (Zabel and
Morrell 1992). To our knowledge nothing is known about the implications of these
differences for nutrient availability to tree seedlings, but brown rot fungal decay could
result in excess, unconsumed<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>