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Red alder (Alnus rubra Bong.) is the only tree in British Columbia and the
Northwest US to engage in actinorhizal symbiosis to fix atmospheric nitrogen. This study
was conducted to explore the plasticity in growth and physiology among 58 17-year-old
red alder families in response to variation in climate in two common garden plots, one at
Bowser, BC and one at Terrace, BC. Physiological assessments included height and
diameter growth, bud flush, water use efficiency as measured by 813C, cold hardiness as
measured by controlled freezing and electrolyte leakage, autumn leaf senescence, and
instantaneous and seasonally integrated rates of nitrogen fixation as measured by
acetylene reduction and natural abundance 8*°N isotope analysis, respectively. Significant
differences were identified among families for growth (height and diameter), bud burst
stage, leaf senescence, cold hardiness, and bud nitrogen content. No significant
differences among families were identified for water use efficiency as measured by §3C,
or for rates of nitrogen fixation as measured by either acetylene reduction or natural
abundance 8*°N. This study identified possible adaptive differences among red alder
genotypes, especially in traits such as bud flush timing, cold hardiness, or nitrogen
fixation and their respective contributions to growth. These differences often reflected a
tradeoff between growth and the ability to tolerate an extreme environment. Cold
hardiness results indicate that red alder families are well adapted to their climate of
origin, and may not be able to acclimate sufficiently to a northward assisted migration of
genotypes. Nitrogen fixation results demonstrated gaps in our current knowledge of

Frankia distribution and impact on the actinorhizal symbiosis in British Columbia.
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Introduction
Background

Red alder (Alnus rubra Bong. syn. A. oregona Nutt.) is the most commonly
occurring broadleaf tree in British Columbia (BC) and the Northwest United States (US)
(Burns and Honkala 1990, Farrar 1995). A coastal species, it ranges from northern
California to southern Alaska, generally within approximately 200 km of the coast,
though scattered populations exist in Idaho (Burns and Hokala 1990). Red alder is
especially common in riparian or disturbed sites, with some disturbance of the soil being
required for successful establishment (Haeussler et al. 1995). Red alder establishes
quickly following disturbance on these sites and then, as with all members of Alnus, fixes
atmospheric nitrogen into more biologically accessible forms through a symbiotic
association with the actinomycete bacteria Frankia (Bousquet et al. 1989). As little
nitrogen is reabsorbed from the foliage in autumn, much of this nitrogen is added to the
soil following leafdrop (Coté et al. 1989). This input of nitrogen can increase
productivity and functionally change the ecosystem (Binkley 1983).

In BC, the primary focus of forestry activities has traditionally been native
conifers, and only since approximately 1990 have broadleaved trees been viewed as more
than a nuisance to foresters (Vyse and Simard 2009). As red alder has frequently been
treated as an undesirable species in plantations, regulations reflect a view that does not
recognize the benefits of planting red alder (Vyse and Simard 2009, Burns and Honkala
1990). Even so, some researchers have found that red alder’s genetic variability, rapid
growth, and early, prolific seed production present an opportunity for selective breeding
programs to increase growth and yield of a potentially economically valuable species
(Xie et al. 2002). The wood is valued for furniture, fiber-based products, and potential
bioenergy applications, while the addition of nitrogen to soils represents a valuable
ecosystem service (Burns and Honkala 1990).

Red alder populations in British Columbia have been divided into distinct groups
based primarily on isozyme studies: one major group on the Haida Gwaii and Vancouver
Island, and another consisting of a mainland population, further subdivided at

approximately 52°N into northernand southern sections (Hamann et al. 2000, Xie et al.
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2002, Xie 2008). The division between mainland and island populations is believed to be

due to repopulation from two separate refugia following the most recent glaciation of
coastal BC, one to the south of the province, and the other to the west, near the current
location of the Haida Gwaii (Hamann et al. 1998). The most recent work, based ona
meta-analysis of isozyme and physiological variables, has divided red alder in the
province into six regional groups (Fig. 1), with the Haida Gwaii separated from a divided
eastern and western Vancouver Island, and the addition ofa Bella Coola (or mid
mainland) region between the northern and southern mainland regions (Hamann et al.
2011).

Haida Gwaii

Bella Coola
Northern Mainland
Southern Mainland
Vancouver Island (E)

Vancouver Island (W)

Figure 1: Regional groupings of prove nances of red alder (Alnus
rubra), adapted from Hamann et al. 2011.

Some have suggested that geographic origin of red alder genotypes at the regional
scale may have less influence on growth than the micro-environment from which the seed
originates (Dang et al., 1994). This may have been, in part, due to initial observations that
A. rubra demonstrated uniform height growth among all populations (Ager et al. 1993).
More recent isozyme studies have since found clinal variation from the southeast of BC
to the northwest (Hamann et al.1998). Growth has been demonstrated to vary strongly in
relation to the distance between the origin of the seed and the site of planting.

Provenances grown ina common garden close to their location of seed origin had higher



growth and survival rates at both 2 years and 6 years than did provenances originating
froma greater distance away (Hamann et al. 2000, Xie 2008). Elevation has not been
found to correlate with provenance growth (Hamann et al. 2000); the authors believe this
may be due to high gene flow over short distances preventing differentiation due to
elevation. However, elevation has been found to weakly predict bud burst in a common
garden (Ager et al. 1993). Other traits known to vary among genotypes of red alder
include midday xylem water potential, transpiration rate, stomatal conductance, response
to flooding, and onset of cold hardiness (Dang et al. 1994, Hook et al. 1987, Cannell et
al. 1987).

Although red alder has received little serious consideration for use in forest
plantations, it has several advantages over coniferous species, particularly in the face of
global change. Red alder is able to tolerate or even improve disturbed sites without
requiring nitrogen fertilization, while its short lifespan means that climate change is less
of a consideration when selecting families for planting in a specific area (McKenney et
al. 2009). Inorder to select best-adapted families, physiological variation must be
measured and catalogued; to this point red alder physiology has been little studied. As an
early successional species with abundant regeneration following disturbance., red alder is
more likely to survive a changing climate through a shift in species range, possibly to
higher latitudes or altitudes (Aitken et al. 2008, Valle-Diaz et al. 2009). However, the
early successional life history has disadvantages: small, isolated populations may lag
behind in their adaptation to new conditions (Aitken et al. 2008). In order to better
evaluate whether movement of genotypes based on their adaptive traits is necessary, or
even possible, this study analyzed a number of key physiological traits with the objective
of determining the degree of variation in traits among families or regions, and the

strength ofred alder’s adaptation to local conditions.

Phenology: Bud Burst and Leaf Senescence
The timing of emergence from winter dormancy is of critical importance to

temperate trees. To emerge too early risks exposure to late spring frosts, while be ginning
the growing season late is a disadvantage in the competition for light and other early

growing season resources (Beaubien and Hamann 2011). Similarly, extending the
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growing season in the autumn allows additional growth, but exposes the tree to pote ntial

damage from the initial frosts of winter. As the onset of spring and winter occurs at
different times for trees from different latitudes, it is expected that populations will vary
in their response to environmental cues for these crucial events. For example, ina
common garden plot, northern ecotypes of English oak (Quercus robur) tended to flush
bud earlier in spring, and responded more readily to cues such as changes in day length
and temperature than did southern ecotypes (Jensen and Hansen 2008). The same was
true of Betula pendula, a relative of red alder in the family Betulaceae (Li et al. 2003).
These differences are not always large: differences in bud flush among populations of B.
pendula separated by over 1000 km were on the order of days, while the onset of cold
hardiness in autumn was over a month earlier in northern genotypes (Li et al. 2003).
Similarly, red alder seedlings planted ina common garden in Britain demonstrated buds
that burst almost synchronously, with less than a one week difference in the timing
between families whose origins spanned from Washington to Alaska (Cannell et al.
1987).

The timing of the end of the growing season has been found to vary among
ecotypes of trees in the Betulaceae, with B. pendula originating from the north ceasing
growth earlier than those from the south (Li et al. 2003). Extending growth late in the
season may increase the total growth of the southern provenances, and it is more often the
timing of the end of the growing season that distinguishes among ecotypes with variable
growing season lengths, rather than the time of the start of the growing season (Jensen
and Hansen 2008, Vitasse et al. 2009). However, late senescence may be associated with
either higher or lower growth, depending on species (Vitasse et al. 2009).

Many temperate trees show significant differences among provenances in growth
and phenological characteristics, and though the trends are not always similar, they are
often consistent within a species between sampling years (Vitasse et al. 2009). With data
on bud flushand leaf senescence, combined with cold hardiness and height growth data, |
hope to better understand the relationship between growing season length and growth in
red alder families, and compare observed patterns to those reported for other temperate
hardwood trees. | expected, based on the literature presented above, that red alder

families would differ significantly in their timing of bud development over the period of



bud flush, but that the differences would not be very great. Red alder families from the
south of the province were expected to show a longer growing season, primarily by

delaying leaf senescence in autumn.

Drought Hardiness
Water, despite being abundant in many habitats, is frequently in insufficient

supply for optimal plant growth (Taiz and Zeiger, 2010). Projected climate models for
coastal British Columbia show a drying trend in many regions which is likely to have a
strong impact on the flora of those regions (Hamann and Wang 2006). In order to better
predict the effects of this projected drying trend on red alder, the current study examines
family differences in drought hardiness. Anadditional concern is that when breeding for
specific traits, such as growth or yield, there is a possibility of decreased stress tolerance.
This has been observed for drought hardiness inagricultural species that have undergone
artificial selection over many generations (Kumar et al. 2011). Identification of drought
hardy families of red alder would provide a valuable resource for the breeding program.

Alders in general do not exhibit strong stomatal control of water loss (Borghetti et
al. 1989), and this holds true for red alder, specifically (Pezeshki and Hinckley 1982).
The lack of stomatal control leads to a reasonably constant rate of transpiration in A.
rugosa (Ewers et al. 2007). While this represents a risky strategy during periods of
drought, maintaining open stomata under slight to moderate stresses does allow for
increased growth compared to co-occurring species exhibiting similarly low drought
hardiness, such as black cottonwood (Populus trichocarpa), which closes its stomata at a
higher plant water potential than red alder when grown on seasonally dry sites (Pezeshki
and Hinckley 1982). Pre-exposure to drought conditions does increase the ability of A.
glutinosa to tolerate drought, likely due to a reduction in leaf osmotic potential, increase
in root:shoot ratio, and a thicker cuticle (Seiler 1985); however, Hawkins and McDonald
(1994) found no evidence of osmotic adjustment in red alder, nor any other evidence of
conditioning to drought conditions.

Provenances of A. cordata were found to vary in their ability to tolerate drought,
despite the fact that none of the provenances were observed to exhibit strong stomatal
control of water loss (Borghetti et al. 1989). A study of 40 provenances of red alder

seedlings grown in a common garden found statistically significant differences among



provenances in many drought-related characteristics, including mesophyll conductance,
transpiration rate, midday xylem water potential, and even stomatal conductance (Dang et
al. 1994). However, no differences in water use efficiency among provenances were
found, possibly because the stomata of red alder are not sensitive enough to allow more
efficient use of water under drought conditions (Dang et al. 1994).

Seedling shoot biomass was reduced under drought conditions in the European A.
glutinosa, the North American A. serrulata and A. maritima, as well as the Asian A.
nitida, but not the Himalayan A. nepalensis (Schrader et al. 2005). A. glutinosa, the most
closely related alder in this study to A. rubra, showed a decreased shoot biomass during
drought (Schrader et al. 2005, Bousquet et al. 1989). Even a 3-week drought period
without significant precipitation is sufficient to cause significant decreases in growth
rates of 4-year old red alder (Giordano and Hibbs 1993). These effects were different
between four tested provenances, but no easily detected geographic pattern existed,
possibly due to the low number of provenances used (Hibbs et al. 1995). Shoot growth is
affected more strongly by drought than is root growth in A. glutinosa, leading to an
increased root:shoot ratio with long term drought (Seiler and Johnson 1984).

As with many stresses, drought stress can decrease photosynthetic rate in alder
species (Schrader et al. 2005). This decrease in photosynthetic rate could potentially lead
to a decrease in the instantaneous rate of nitrogen fixation, as the fixation process
requires a constant source of photosynthate (Sundstrém and Huss-Danell 1987). This
effect will be discussed in more detail in the nitrogen fixation section.

Most work on drought hardiness in alders has used seedlings under 3 years old
(Schrader et al. 2005, Borghetti et al. 1989, Seiler 1985, Pezeshkiand Hinckley 1982,
Pezeshckiand Hinckley 1988). The current study examines potential differences in
drought hardiness among mature alder families planted in two common garden plots,
with an emphasis on the geographic origins of the families. While previous work on
seedlings has shown no significant differences in water use efficiency among families of
red alder, differences in other drought characteristics suggest that mature alder families

may show some significant difference intheir water use efficiency or drought tolerance.



Drought Hardiness and Stable Carbon Isotopes
Carbon in terrestrial C3 plants has long been known to be isotopically light when

compared to atmospheric CO, (Bender, 1968). In order to quantify this difference, the
isotope ratio for carbon-13 (8*3C) is commonly used (Close et al. 2011, Aspelmeier and
Leuschner 2004, Sun et al. 1996). 5**C is a specific application of the general isotope

ratio formula:

6X .y = (m_ 1) %1000

st

Where:

0Xstq = isotope ratio relative to a specific standard, expressed as parts per thousand (%o)
Rsam = isotope abundance ratio of sample

Rstq = isotope abundance ratio of standard

(Pearcy et al. 1989, Farquhar et al. 1982).

For analysis of *C, samples are compared to the Pee Dee Belemnite standard as,
unlike nitrogen, the isotope ratio of carbon in the atmosphere has changed over time,
slowly becoming more negative due to dilution of **C from the burning of fossil fuels
(Pearcy et al. 1989, Farquhar et al. 1989). In terrestrial Cs plants, values of §*3C
commonly range from -30 to -25%o (Close et al. 2011, Aspelmeier and Leuschner 2004,
Lambers et al. 1998).

Cs plants are depleted in 13C relative to the atmosphere because discrimination
against the heavy isotope occurs. The primary site of discrimination against heavy
isotope incorporation is by the enzyme ribulose bisphosphate carboxylase/oxygenase
(RuBisCO) (Farquhar et al. 1982). However, the §*3C of most plants is significantly less
negative than predicted (i.e.: the discrimination is less), were RuBisCO the only factor
involved (Farquhar et al. 1982). This is because the partial pressures of *2C and *C
within the leaf are not exactly equal to those of the atmosphere; assimilation and
diffusion together alter the balance (Farquhar et al. 1989). The diffusion of gases through
the boundary layer and stomata of the leaf causes a weaker discrimination between the
isotopes of carbon than does the enzyme (Farquhar et al. 1982). This effect becomes
more pronounced when resistance to diffusion is higher, for example due to the closing of
stomata. Thus, the §13C of a plant reflects the relative contributions of the discrimination

of both processes: when the stomata are open, and the primary site of discrimination is



RuBisCO, the resulting 8*°C is more negative (isotopically light). When stomata are
closed, causing diffusion of the gases to become limiting, RuBisCO must then fix
whatever limited carbon is available to it, and 8*3C is less negative (Farquhar et al. 1982).
In practice, values are normally intermediate between these two, and serve as an
indication of which of the two processes are dominating over time (Lambers et al. 1998)
Analysis of 8*3C provides a fast measure of water use efficiency (amount of
carbon fixed per water lost) that has commonly been used in tree breeding programs, as
well as in other applications (Close et al. 2011, Aspelmeier and Leuschner 2004, Sun et
al. 1996). The concept is simply that a more negative value of §*3C indicates a plant that
has spent more time with open stomata, thus using water less efficiently. However,
caution must be used in interpreting results from 8*3C data, as observed variation may be
due to other factors, such as variation in assimilation rates of carbon (Sun et al. 1996). In
B. pendula, however, water use efficiency was found to depend mainly on stomatal
conductance and provenance, with carboxylation efficiency not contributing significantly
to the variation (Aspelmeier and Leuschner 2004). A less common concern arises in
experimental designs where variation in atmospheric isotope ratio between the lower and
upper canopy may require a more complex method to account for these differences
(Farquhar et al. 1989, Pearcy et al. 1989). In the current study, as all samples were
collected at a point high in the canopy (see Methods) exposed to well-mixed atmosphere,

this is not a serious concern.

Cold Hardiness
In general, trees originating from more northerly provenances show earlier

development of cold hardiness when grown incommon garden trials (Friedman et al.
2008, Weng and Parker 2008, Jensen and Deans 2004, Li et al. 2003). For some species,
more northerly or more inland populations show greater cold tolerance than southern or
coastal populations, even at midwinter (Friedman et al. 2008, Jensen and Deans 2004).
Other studies, especially those on species in the Betulaceae, show that while provenances
may vary in the onset of and emergence from cold hardiness, all populations achieve
approximately the same level of hardiness by midwinter (Li et al. 2003, Taulavuori et al.
2004). This equality is observed even in populations separated by over 1000 km (L. et al.
2003). The only study of geographically widespread provenances of A. rubra found



variation among provenances in the onset of cold hardiness in seedlings; but due to
methodological limitations, the investigators were unable to compare damage sustained at
midwinter among provenances (Cannell et al. 1987). Tremblay and Lalonde (1987) also
were unable to resolve differences among populations, likely due to the physical
proximity of the populations used. Between-family variation in cold hardiness was shown
to be greater in autumn than in midwinter for A. sinuata (Benowicz et al. 2000a).

Populations of red alder have been observed to be hardy to temperatures far below
those commonly occurring in much of the range of the species, with tissues collected in
midwinter suffering less than 50% mortality at -30°C (Cannell 1987). Other deciduous
species have also been found to exhibit hardiness to temperatures far below those
commonly occurring in their range (Friedman et al. 2008, Liet al. 2003). This illustrates
the importance of hardiness at the onset of and emergence from cold hardiness in autumn
and spring, as much of the risk to trees is not due to extreme midwinter cold, but rather to
early autumn or late spring frost events (Beaubien and Hamann 2011).

This susceptibility to early or late frost events is of special concern, as current
data predicts an increase in the frequency of such events (Beaubien and Hamann, 2011).
Many species, including B. pendula, use changes in photoperiod to signal the onset of
cold hardiness (Li et al. 2003). Northern provenances of B. pendula are more sensitive to
changes in photoperiod than are southern provenances (Li et al. 2003). While some
alders, such as the northern A. crispa show strong sensitivity to changes in day length,
low temperature is the more important signal for development of cold hardiness in A.
rubra (Tremblay and Lalonde 1987). Temperature is also the primary cue for resumption
of growth in spring (Ager et al. 1993). Warming climates are expected to increase the
risk of premature dehardening of trees, and thus increase the likelihood of exposure to
unseasonable frost events occurring in late spring (Beaubien and Hamann, 2011).

An earlier emergence from winter dormancy might be expected to be associated
with an earlier bud flush in spring. While this trend does not always hold (Weng and
Parker 2008), it is exhibited by A. sinuata (Benowicz et al. 2000a). Red alder has been
found to have drastically decreased cold hardiness following bud flush in spring
compared to midwinter hardiness (Cannell et al. 1987). In autumn, it has been shown in

Quercus that there is no strong correlation between the end of the growing season (bud
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set) and autumn cold hardiness (Jensenand Deans 2004). While red alder has been found

to show variation among families in date of bud set (Cannell 1987), it remains to be
demonstrated whether earlier bud set is correlated with earlier onset of cold hardiness.

Much of the damage sustained by plant cells during freezing temperatures is due
to dehydration of the cell (Close 1997), and there are many similarities in the response of
plants to both freezing and drought stresses (Siddiqua and Nassuth 2011, Wang et al.
2011). A signal for the initiation of both drought and frost hardening is abscisic acid (Li
et al. 2003, Seiler and Johnson 1984). Drought stress has been found to slightly increase
freezing tolerance and plant sensitivity to both short days and low temperatures; however,
its effect was less than either day length or temperature (Li et al 2002).

A lack of significant correlation between frost hardiness and biomass for A.
sinuata led Benowicz et al. (2000a) to suggest that it is possible to find red alder families
showing both high tolerance to cold and increased growth. Such families would be of
particular value in any red alder breeding program looking to improve yield.

It is also possible that rates of nitrogen fixation might be correlated with cold
hardiness. High instantaneous nitrogen fixation rates are dependent on increased
photosynthate availability (Sundstrém and Huss-Danell 1987) which might also increase
resources available for cold hardening. Midsummer photosynthetic rates have been found
to be higher in A. sinuata and paper birch (B. papyrifera) originating from areas with
colder winters or shorter growing seasons, and showing higher cold hardiness in the
previous November (Benowicz et al. 2000b).

In my study, | expected red alder to show significant differences in mean family
cold hardiness throughout the winter, with families originating from farther north
developing cold hardiness earlier in the autumn and maintaining greater hardiness
through the winter. At Bowser, | expected genotypes from farther north to deharden
earlier in the spring.

Cold Hardiness and Electrolyte Leakage

Cold hardiness is commonly evaluated either by visual assessment of damage
after cold treatment (Tremblay and Lalonde 1987, Cannell et al. 1987, Deans et al. 1992,
Jensenand Deans 2004) or by measuring electrolyte leakage after treatment (Friedman et
al. 2008, Taulavuori et al. 2004, Li et al. 2002, Hannerz et al. 1999). Of these methods,
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electrolyte leakage is more labour-intensive, but has been found to yield more consistent

statistical results (Jensen and Deans 2004). Electrolyte leakage is usually measured by
controlled freezing of tissues to a specific temperature (or temperatures), then adding a
set volume of water and measuring the conductivity of the resultant solution. In order to
provide a control against which to compare these conductivity values, the tissues are then
entirely killed by heating and the conductivity measured again (Flint et al. 1967). The
two values, plus the values from an unfrozen sample, are combined to provide a single
value, the index of injury. This index is a relative value of electrolytes leaked, expressed
on a scale of 0-100, where 100 is the value for the heat-killed tissue. A higher index of
injury indicates tissues that have sustained more damage due to the freezing treatment,
and are thus less cold hardy. Index of injury can be compared directly (Wengand Parker,
2008), or interpolated to generate the temperature at which a given percentage of
mortality has occurred (frequently 50% of maximum, expressed as LTsp) (Li et al. 2002,
Taulavuoriet al. 2004, Deans et al. 1992).

While deciduous leaves do show some ability to develop frost hardiness (Li et al.
2002), the use of deciduous leaves as a sample tissue is limiting, as it precludes mid-
winter measures. For the current study, stem tissue was used to evaluate cold hardiness
via the electrolyte leakage method. It is known that stems develop freezing tolerance later
than leaves or buds (Li et al. 2002); however, stem tissue can still be used to detect

differences in cold hardiness among provenances (Weng and Parker 2008).

Nitrogen Fixation: Background and Benefits
Terrestrial environments are bathed in an ocean of nitrogen gas; however, in most

natural ecosystems, lack ofavailable nitrogen is a major limitation to plant growth (Taiz
and Zeiger 2010). This apparent contradiction is due to the nature of atmospheric N,: the
triple bond between the two atoms is difficult to break, and only a select few organisms,
of which none are plants, are capable of the feat. The fixing of atmospheric dinitrogen
into a more biologically useful form is performed primarily by prokaryotes, including
cyanobacteria, Rhizobium, and Frankia. Both Rhizobium and Frankia form tight
symbiotic associations with plants in the form of root nodules. These symbioses occur in

many families of angiosperms, but DN A evidence suggests that all families known to



12
engage in nitrogen fixing symbioses belong to the same clade within the eurosids I,

together with some families unable or not known to fix nitrogen (Soltis et al. 1995).
Sequence analysis of the large subunit of RuBisCO suggests that legumes (which
associate with Rhizobium) are in one subclade, while actinorhizal plant species (which
associate with the nearly-ubiquitous Frankia) are in three other related subclades (Soltis
et al. 1995).

Because nitrogen can often be limiting, one would expect that the addition of
nitrogen fixing organisms to an area would alleviate this restriction on plant growth.
Since the early 1980s, evidence of the actinorhizal association’s positive effects on both
the plant symbiont and the surrounding vegetation has been accumulating. Alders
exhibiting high rates of nitrogen fixation also have large leafand total biomass (Bormann
and Gordon 1984, Hawkins and McDonald 1994). Perhaps surprisingly, increased
nitrogen fixation rates were not associated with an increase in foliar N in the alder, but
due to increased biomass, the total amount of N in the plant was higher (Hawkins and
McDonald 1994). In contrast, the presence of alder is associated with an increase in the
foliar N concentration in nearby Douglas-fir (Binkley 1983), and in the understory
vegetation beneath it (Rhoades et al. 2001). This increase in foliar N can be linked by **N
analysis to the nitrogen fixed in the alder nodules (Rhoades et al. 2001). It has also been
demonstrated that alder litter can increase soil N levels (Rhoades et al. 2001, Sonet al.
2007). This increase in available N may cause other nutrients to become limiting, though
experimental evidence is mixed. While some have found a decrease in foliar phosphate
(P) concentrations in surrounding vegetation (Binkley 1983), others have shown a
significant increase in soil P levels under alder (Rhoades et al. 2001).

The nitrogen fromalder litter fall can allow surrounding Douglas-fir to divert
resources from root development to shoot growth (Binkley 1984). This increased
investment in shoot growth may be of particular value inan economically important tree
such as Douglas-fir. Ecologically, the total biomass and productivity of an ecosystem
can be increased by the presence of red alder (Binkley 1983); however, this effect may be
negated if the system is already rich in nitrogen, as fixation rates are low when the energy

would be more efficiently spent on absorption rather than fixation (Son et al. 2007).
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Nitrogen fixation is an energetically expensive process. The enzyme that

catalyzes the reaction, commonly referred to as “nitrogenase”, is, in fact, two proteins:
dinitrogenase and dinitrogenase reductase. Dinitrogen reductase provides reducing power
to dinitrogenase in order to fuel the enzymatic fixation (Burris 1991). However, the
reaction wastes a significant proportion of its reducing power converting protons to Hy.
Under normal conditions, 20-30 ATP are required to convert a single N, molecule to
2NHs (Burris 1991). Despite differences in endosymbiont and nodule morphology, the
levels of nitrogenase activity as well as the energy requirement for that activity are
similar between legumes and non-legumes (Tjepkema and Winship 1980).

The general reaction carried out by nitrogenase is as follows (Burris 1991):

Nz + 8H" + 8e™-> 2NH; + H;

The enzyme's activity is inhibited by O», and H,. Oxygen can also inhibit the
synthesis of the nitrogenase enzymes (Huss-Danell 1997). Because of these limitations,
both plant and bacteria have developed methods of protecting nitrogenase. Inthe nodules
of alder, Frankia develops vesicles: specialized cells similar to the heterocysts of
cyanobacteria. These vesicles have a thick envelope consisting mainly of lipids, which
presumably serves to slow the diffusion of O, into the vesicle (Huss-Danell 1997). While
many plants’ nodules contain hemeoproteins to scavenge O», high concentrations are not
required for nitrogen fixation in actinorhizal associations, and the nodules of alder
contain little hemeoprotein (Tjepkema and Asa 1987). It appears that, in alder, the vesicle
envelope is the major mechanism for limiting the exposure of nitrogenase to oxygen
(Silvester et al. 1988, Rosendahl and Huss-Danell 1988). Hydrogen inhibition may be
minimized by hydrogenase as it helps keep H, concentrations low; however, it does not
appear to be required for proper function of nitrogenase (Huss-Danell, 1997).

While oxygen can inhibit nitrogenase, large amounts of energy, generated by
aerobic metabolism, are required by the enzyme (Winship and Tjepkema 1985).
Therefore, the nodule cannot exclude oxygen entirely, but must keep concentrations
within a range between inhibition and oxygen starvation. The declines in nitrogen

fixation under stressed conditions may, in many cases, be due to physical or chemical
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damage to the vesicle membrane, disrupting the balance of O, concentrations (Wheeler et

al. 1978).

Measure ment of Nitrogen Fixation
In order to measure rates and absolute amounts of nitrogen fixation, several

methods have been devised, each with associated advantages and limitations. For the
purposes of this study, the two methods selected were the acetylene reduction assay
(ARA) and natural abundance 5*°N analysis. Other methods, such as total nitrogen
difference, the xylem-solute method, or N enrichment, were either too inaccurate, or

impractical to apply to a large number of mature alder trees (Danso, 1995).

Nitrogen Fixation: The Acetylene Reduction Assay (ARA)
Nitrogenase is capable of reducing a wide range of substrates (Hardy et al. 1968).

One of the most scientifically useful alternative reactions is the reduction of acetylene to
ethylene. The acetylene reduction assay takes advantage of nitrogenase’s equal response
to nitrogen and acetylene (Hardy et al. 1968). Both reactions use ATP and reductant, and
most reaction characteristics and optima are similar (Hardy et al. 1968). Very little
acetylene is required to completely saturate the enzyme (reported initially by Hardy et al.
(1968) as 3-10%, v/v). Since 1968, many studies have used ARA to estimate nitrogen
fixation rates either of individual trees or entire plots of land (Tripp et al. 1979, Anderson
et al. 2004, Son et al. 2007). While initially, it was known that high concentrations (0.5
atm) of acetylene were inhibitory to nitrogenase (Hardy et al. 1968), the assay conditions
were such that this was not believed to be an obstacle. However, while measuring
Rhizobium-legume symbionts, Minchin et al. (1983) reported a flaw in the closed
container ARA typically performed until that point. Using an open flow system which
constantly measures ethylene production, they demonstrated that nitrogenase activity
declines over time once exposed to concentrations of acetylene commonly used in the
assay, and this decline can occur on the order of minutes post-exposure (Minchin et al.
1983). As the standard closed-container ARA is generally performed over longer time

scales, this result suggested that any calculations made using these methods was likely an
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underestimate of actual nitrogenase activity. The interpretation of the assay is further

complicated. While Hardy et al. (1968) initially suggested a conversion factor of 4
acetylene reduced per nitrogen (3 for the bonds of nitrogen, and 1 for a “wasted”
reduction of two protons), this value has been found to vary, either downward due to
underestimation from acetylene-induced decline, or upward due to increased fixation of
Ha, possibly due to stress (Schwintzer and Tjepkema 1994). The conversion factor has
also been found by Anderson et al. (2004) to vary by season or successional stage (the
two factors could not be separated). Thus, the values of acetylene reduction rates from a
single site measured at the same time are comparable to one another, but converting those
values to an absolute amount of nitrogen fixed may be problematic.

Further concerns were raised by Minchin et al. (1986) when it was found that
physical disturbance to nodules, including simply shaking off loose soil, decreased the
measured rate of acetylene reduction. This augmented work from eight years earlier,
reporting that removing the shoot and transferring the root system to a new container for
analysis could decrease the ARA-measured nitrogenase activity by up to 50% (Wheeler
et al.1978). Minchin et al. (1986) investigated the decline in more detail in two
Rhizobium-associated species, and found that physical disturbance of the nodule (shaking
or brushing away loose soil) caused a greater decrease in activity than the removal of
shoot tissues. These effects were less significant at lower growth and incubation
temperatures (Minchin et al. 1986). This last result led the researchers to suggest that any
environmental stress (including drought) may cause nodules to become insensitive to
physical disturbance which may lead to a change in ranking between families or
individuals, should they vary in their ability to tolerate or alleviate the stress. Indeed,
when the first report of the effects of drought stress on the time course of acetylene
reduction was produced, it was found that drought caused a deeper acetylene-induced
decline, and a decreased rate of recovery (Schwintzer and Tjepkema 1994), though
variation between individuals or families was not measured. Independent of the time-
course data, it had previously been found that water potentials of -0.6 to -0.8 MPa
(designated “moderate stress”) caused acetylene reduction to decline by half in A. incana,

while A. glutinosa was able to maintain near maximal rates until a sharp decline at -1.30
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MPa, a level at which there was no nitrogen fixation activity in A. incana (Seiler and

Johnson 1984, Sundstrom and Huss-Danell 1987).

Nodules of actinorhizal species respond less to acetylene than do legumes, with a
much smaller decline in nitrogenase activity (Tjepkema et al. 1988). Furthermore, rates
have been found to recover spontaneously within minutes to near-maximal in A. incana
(Silvester et al. 1988), as well as other actinorhizal species (79%-98% of maximum rate)
(Tjepkama et al. 1988). A. incana was found to experience little acetylene-induced
decline in activity (14% decline), with rates remaining stable at the lower value
(Rosendahl and Huss-Danell, 1988). Red alder was found to decline to a minimum rate of
47% of maximum approximately 1-5 minutes post-exposure, followed by recovery to
87% of maximum within 10 minutes post-exposure when no other stresses or
disturbances were present (Tjepkema et al. 1988). This recovered rate was maintained to
at least 60 minutes post-exposure (Tjepkama et al. 1988). Both studies found a smaller
acetylene-induced decline in respiration rates than has been found in legumes (Rosendahl
and Huss-Danell 1988, Tjepkema et al. 1988). Overall, the acetylene-induced decline in
nitrogenase activity appears to be smaller in actinorhizal species than in legumes, and
fixation rates in actinorhizal species (including red alder) may spontaneously recover to
near-maximum values (Tjepkema et al. 1988).

Weather, too, may affect the results of ARA. Increased air temperature (both daily
meanand at 1 pm), increased soil temperature and daily sunshine hours have been found
to correlate with increased rates of acetylene reduction (Ekblad et al. 1994, Son et al.
2007). These factors may explain, in part, the seasonal variation in acetylene reduction:
highest in early spring and summer, and declining from late summer into late fall (Son et
al. 2007). Even over the course of a single day, rates can vary: maximum rates were
observed to be later in the day in August when compared to May or October (Lee and
Son, 2005). In contrast with temperature and light, humidity was found to be negatively
correlated with acetylene reduction rates (Ekblad et al. 1994). While minimum
temperature and rainfall events were not found to significantly affect acetylene reduction
rates, very few rainfall events occurred during the test period, and so their importance
cannot be ruled out (Ekblad et al. 1994). Weather up to two days before measurement has

been found to significantly affect the ARA, and it has been suggested that the decline in
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acetylene reduction in late summer can be explained by weather-based models (Ekblad et

al. 1994). These models emphasize the importance of humidity, sunshine hours, and
mean as well as maximum air temperature on the rates of acetylene reduction (Ekblad et
al. 1994).

Despite complications, ARA continues to be widely used, especially for relative
estimates of nitrogen fixation rates (Markham 2008a,b, Lee and Son 2005, Anderson et
al. 2004, Batzli and Dawson, 1999, Hibbs et al. 1995, Hawkins and McDonald 1994).
Even critics of the method, when discussing the assessment of legumes that are less
suited to the method, admit that it is a useful tool for relative ranking of nitrogen fixers
(Minchin et al. 1983, Danso 1995, Vessey 1994). Incubation times can be kept short to
avoid effects of acetylene-induced decline (Anderson et al. 2004, Vessey 1994), and are
commonly run to at least 60 minutes when A. rubra is being measured (Batzli and
Dawson 1999, Hibbs et al. 1995, Hawkins and McDonald, 1994). Though it may not be
an appropriate measure for absolute values of nitrogen fixation (Vessey 1994), some
researchers continue to use closed container ARA to estimate nitrogen fixation over large
areas of land (Lee and Son 2005).

ARA allows relatively rapid sample collection, and gas samples can be stored for
long periods prior to analysis (Bormann and Gordon 1984). Ina study such as mine,
where the emphasis is on relative differences rather than absolute volume of nitrogen
fixed, ARA remains a valuable tool. While it has been rarely used on large trees, the
method has been demonstrated to work under such conditions (Lee and Son 2005).

Because the results of the ARA often appear to be affected by the stress status of the
individual tree, | expected that those trees best suited for each site (as determined by
other physiological traits) would show the greatest rates of nitrogen fixation. | expected
families originating from the region near each test site to fix nitrogen at a higher rate than

genotypes originating from farther away.

Nitrogen Fixaton: Natural Abundance & *°N
While acetylene reduction provides a method to measure instantaneous rates of

nitrogen fixation, it is of interest to test how well this measure compares to estimates of

nitrogen fixed over the entire growing season. Extrapolation of ARA measured at a
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number of time points is possible, but of limited value (Danso 1995). By taking

advantage ofa variance in nitrogen isotope ratio between soil and atmosphere, it is
possible to measure the percentage of a plant's nitrogen that has been fixed from the air.
The amount of 1°N present in the atmosphere is constant at 0.3663 atom %. Due to
discrimination in plant uptake, bacterial nitrification and subsequent loss of N0, as well
as other soil processes, soils generally have a higher ratio of *>N:**N than air, as the
heavier isotope is left behind (Pérez et al. 2006, Hogberg et al. 1999). Thus N-fixers
usually have lower isotope ratio (a more negative 8:°N) than do non-fixers in the same
environment (Shearer and Kohl 1986). §°N is another specific application of §X g
discussed above, using the constant nitrogen isotope ratio of the atmosphere as the
standard against which samples are compared (Pearcy et al. 1989). This measure of
natural abundance has several advantages, in that it involves no addition of N to the soil
(as is done by fertilization in dilution-style *>N experiments) and therefore causes no
inhibition of N-fixation by fertilization, there is no disturbance of the natural system
(minimized but not entirely avoided with ARA), the estimate is long-term (over an entire
growing season if desired), and finally, tissues may be dried in the field and processed at
a later time.

While rankings of °N:*N ratios are valuable for relative comparisons (Danso
1995), in order to estimate the absolute amount of nitrogen fixed on a site, isotope
analysis methods require a non-nitrogen-fixing plant as a control. Ideally, this control
plant will have growth characteristics nearly identical to the species being tested, and will
co-occur on the test site. While it is possible to simply measure the *°N present in the soil,
a control plant takes into account the amount of >N present at various depths and what
proportion of this nitrogen is taken up from each depth (Shearer and Kohl 1986). Control
plants also integrate nitrogen uptake over a period of time and, to some degree,
compensate for the isotope discrimination of the roots, more closely replicating the
conditions experienced by the test plant (Shearer and Kohl 1986). While finding a co-
occuring control plant that perfectly mimics the test plant is, in many cases, impossible,
Busse (2000) has found that for plants fixing large amounts of nitrogen (up to 80% of
total nitrogen), the control plant's growth characteristics have less impact on the estimate

than if the test plant has low rates of nitrogen fixation. Therefore, exact matching of



19
growth characteristics between control and test plants becomes less critical for more

efficient nitrogen-fixers. Even for less efficient N-fixers, the use of several species of
reference plants may increase confidence in the estimate of the non-fixing ratio of
15NN (Shearer and Kohl 1986). Finally, one cannot assume that the soil is higher in *°N
than the atmosphere at all test sites, thus this assumption must be demonstrated in each
test area and if possible, one should use reference plants from throughout the test area
(Shearer and Kohl 1986).

The primary disadvantage of the natural abundance 5*°N method arises due to
differences in concentration of *°N between atmosphere and soil potentially being very
small, and so differences may be lost in the error inherent in measuring isotope
concentration. Similarly, the values attained may not be as precise as other methods (such
as ARA). Within a single plant, the distribution of *N is fairly uniform, with the
exception of nodule tissues (Shearer and Kohl 1986). In order to best represent
differences in stable N isotope ratio due to nitrogen fixation rates, my study compared the

same non-nodule tissues across all test plants.

Nitrogen Fixation and Abiotic Stresses
While individual abiotic stresses have their own set of impacts on the entire tree,

the manner in which they impact the nodules and nitrogen fixation processes is not
entirely clear. Two proposed mechanisms of action are 1) changes in vesicle membranes
in the nodules cause a disruption in the ability of the membrane to exclude O, (Wheeler
et al. 1978) and 2) decreased photosynthetic activity due to damage elsewhere in the
plant inhibits the energetically expensive nitrogen fixation process (Sundstromand Huss-

Danell 1987). The two stresses studied are discussed in more detail below.

Drought

As with any symbiosis, the pair of species involved is limited in its ability to
function in stressful or extreme environmental conditions by the more restricted of the
two. In the case of Alnus and Frankia, the drought tolerance of the host is limiting, rather
than that of the endosymbiont (Shipton and Burggraaf 1982, Hennessey et al. 1989).

However, nitrogenase activity can continue (albeit at very low rates) even in very severe
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drought conditions (Hennessey et al. 1989, Son et al. 2007). The decrease in nitrogenase

activity is largely due to the high energy demands of the process; indeed, it has been
found that nitrogenase activity drops concurrently with stomatal closure, suggesting that
photosynthates are required continuously (Sundstromand Huss-Danell 1987). While the
decline in activity was quite rapid, recovery after re-watering was found to be much
slower, onthe order ofa few days, with the more highly stressed treatment showing the
slowest recovery (Sundstrom and Huss-Danell 1987). Reduced photosynthate availability
does not appear to be the sole cause of the observed decline. When plants were dark-
treated, to similarly reduce photosynthate availability to the nodules, the decline in
nitrogenase activity was much slower (>3 days). The authors suggest that drought may
directly damage the nitrogenase system, or at least affect the functioning of the system in
different ways (Sundstrom and Huss-Danell 1987, Schwintzer and Tjepkema 1994).
Damage to the nitrogenase system may be averted so long as some roots have access to
water, however. Split root experiments have shown a net movement of water from wetted
roots to dry roots sufficient to maintain approximately 70% of maximal nitrogenase
activity, even in dry nodules (Sundstrém and Huss-Danell 1995).

Over the long term, drought stress alone does not influence nodule biomass
(Hibbs et al. 1995), but the interaction of high temperature and slight drought has been
found to decrease ARA values (Hawkins and McDonald 1994). The impact of slight
drought was found to be increasingly significant at higher temperatures despite the
treatment being mild enough that no significant differences were observed in
transpiration, photosynthesis, or stomatal conductance (Hawkins and McDonald 1994).
These declines in ARA do not appear to be prevented by drought conditioning of A.
glutinosa (Seiler and Johnson 1984).

The effect of drought on nitrogen fixation tends to be negative, with stressed trees
less able to fix nitrogen. As the drought tolerance of the symbiosis is driven primarily by
the alder host (Shipton and Burggraaf 1982), | expected that more water use efficient

families would show higher rates of nitrogen fixation.
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Temperature

As mentioned above, high temperature and drought interact in red alder to
decrease measured rates of acetylene reduction (Hawkins and McDonald, 1994). High
temperature (>30°C) alone has been found to be sufficient to reduce acetylene reduction
without drought (Winship and Tjepkema 1985), while lowered temperatures (15°C) were
found to cause an increase in root:shoot biomass, while simultaneously decreasing nodule
mass (Hawkins and McDonald 1994). As far as we are aware, no study has analyzed the

correlation between winter frost hardiness and summer nitrogen fixation in Alnus.

Objective
The objective of this research was to explore the plasticity of growth and

physiological responses among red alder families in two climates. My approach was to
identify differences inadaptation and acclimation to climate among genotypes from
across the range of red alder by assessing select key physiological factors contributing to

the growth and performance of red alder on two contrasting sites.
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Methods

Site Background
The physiology of red alder from BC was studied at two provenance-progeny test

trials established by the BC Ministry of Forests in early 1994. One trial site was located
on the east coast of Vancouver Island near Bowser (49°29°N, 124°40°W, elevation 50m);
the other was located near Terrace, BC (54°27°N, 128°8°W, elevation 200m) (Fig. 2,
Table 1). Alder families established from open-pollinated seed collected from wild stands
and grown in a nursery in Surrey, BC for one year were planted at each site (Xie, 2008).
Each site was divided into 3 blocks; however, one of the blocks planted at Bowser
suffered high mortality well before the start of this experiment and so was not used.
Within each block, open-pollinated families were planted in rows of 5 trees, located
randomly within the block. A total of 116 families from 36 provenances (sites of origin)
remained at both the Bowser and Terrace site in the spring of 2010. At Bowser, the
understory plants included salmonberry (Rubus spectabilis), bracken fern (Pteridium
aquilinum), sword fern (Polystichum munitum), Oregon grape (Mahonia nervosa), salal
(Gaultheria shallon), and vanilla leaf (Achlys triphylla). The understory vegetation at the
Terrace site was primarily hardhack (Spirea douglasii), red elderberry (Sambucus
racemosa), red raspberry (Rubus idaeus), lady-fern (Athryium filix-femina), false lily of
the valley (Maianthemum dilatatum), fireweed (Epilobium angusifolium), and bunchberry

(Cornus canadensis).

Table 1: Mean annual temperature (T), mean temperature of the warmest month (T ),
mean temperature of the coldest month (T.), mean annual precipitation (p), mean summer
(June-August) precipitation (psumm) @and mean precipitation as Snow (Psnow) for the Bowser
and Terrace testsites. Weather data is from 1971-2000, obtained from the National Climate
Data and Information Archive available online from Environment Canada
(climate.weatheroffice.gc.ca). All data shown are from the single nearest weather station to
each testsite: Terrace A (54°27" N, 128°34" W, elevation 217 m) for Terrace, Qualicum
River (49°23" N, 124°37" W, elevation 8m) for Bowser.

T(C) Tw(C) Tc (°C) p(MM)  Psumm (MM)  Psnow (MM)

Bowser 9.3 16.8 (Jul) 3 (Jan) 1314.2 112.2 50
Terrace 6.3 16.4 Ju) -4.3(Jan) 13224 166.7 375.4
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Family Selection
Inan attempt to include families with a greater and lesser ability to acclimate to

climatic differences, | selected families that did or did not differ in their relative
performance between the two climatically different test sites. For all 116 families planted
at both Bowser and Terrace, the difference in height rank between the two sites was
calculated for each family using height data 10 years after planting from the BC Ministry
of Forests. Initially, families were selected whose difference in height rank was 20 or less
and 50 or more. Fromthis list of 69 families, 30 were selected from each of the two
groups (large or small differences in height rank between the two sites after 10 years).
Families with high mortality (fewer than two surviving individuals in any block) were
eliminated. Priority was given to selection of geographically separated families, as well
as pairings of families from the same provenance showing large and small differences in
height ranking. This selection reduced the total to 58 families in 35 provenances (Table
2). Families in each provenance were assigned to one of the 6 regions outlined by
Hamann et al. (2010), based on their geographic origin: east or west Vancouver Island,
Haida Gwaii, Bella Coola, northern mainland or southern mainland (Fig. 2). Due to
logistical limitations, the 50 families (25 from each of the upper and lower limits of rank
difference) were used for assessments of cold hardiness, acetylene reduction, and isotope

analyses, while all 58 families were used for bud burst and canopy cover estimates.
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Table 2: Seed origin for each of the selected families planted at Bowser and Terrace. Seed
collected by the BC Ministry of Forests. Family number was used to distinguish families
within the same provenance. Latitude in °N (Lat) and Longitude in°W (Long), as well as
Elevation in metres (Elev) are given for each family.

Provenance Name Provenance Family Lat (°N) Long(°W) Elev (m)

Port Renfrew 4 4 48°36° 124°14° 20
Port Renfrew 4 5 48°36° 124°14° 20
Klanawa #2 6 1 48° 46 124 58 40
Nitinat Flats 8 3 48°50° 124°40° 30
Nitinat Flats 8 4 48°50° 124°40° 30
Sarita Lake 11 3 48°55° 124052’ 40
Sarita Lake 11 4 48°55° 124052’ 40
Between the 13 3 48058’ 124°43° 200
Lakes

Between the 13 5 48058’ 124°43° 200
Lakes

Ucluelet 14 2 49°00° 125°34° 40
Cassidy 15 2 49°03° 123056’ 107
Cassidy 15 8 49003’ 123056’ 107
Britannia Creek 21 5 49°07° 123°07° 660
China Creek #2 23 5 49 10 124 41 400
Indian River 30 1 49034 122°56° 190
Indian River 30 3 49034 122°56° 190
Indian River 30 4 49034 122°56° 190
Indian River 30 5 49034’ 122056’ 190
Pender Harbour 31 2 49039’ 124°02° 150
Pender Harbour 31 3 49039’ 124°02° 150
Mamquam River 32 1 49043’ 123°07’ 100
Mamquam River 32 2 49043’ 123°07° 100
Culliton Creek 35 1 49053’ 123°11° 250
Culliton Creek 35 2 49053’ 123°11° 250
Woss #2 37 1 49058’ 126°15° 1000
Woss #2 37 5 49058’ 126°15° 1000
Roberts Lake 43 5 50°13° 125°033° 700
Bigtree #1 44 1 50°14° 125043° 250
Bigtree #2 45 2 50°14° 125943’ 300
Bigtree #2 45 3 50°14° 125943’ 300
Ronning Main 48 2 50°36° 128°15° 30
Ronning Main 48 4 50°36’ 128°15° 30
San Josef Main 50 1 50°40° 128°04’ 20
San Josef Main 50 4 50°4(° 128°04° 20
NE 62 51 2 50°43° 127°59° 170
NE 62 51 3 50043’ 127°59’ 170
Kingcome Inlet 52 1 51°30° 126°08’ 30
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Figure 2: Provenance source locations for families planted at two common garden sites
(Bowser and Terrace, indicated by stars on the map). Prove nances are colour coded to

indicate the region oforigin to which they were assigned. Inset at top right is the range of
red alder in British Columbia. Modified from Xie et al. (2008)

Diameter and Height
Diameter at breast height (DBH) and height of all trees in the 58 selected families

were measured in two blocks at Terrace on April 20-22, 2010 and in two blocks at

Bowser on May 13, 2010. Height was measured by clinometer at 10m horizontal
distance.

Bud Burst
Bud burst was assessed for each tree from the 58 families in two blocks at Bowser

on March 20 and April 10, 2010, and at all three blocks at Terrace on April 21, 2010. One

assessment was carried out in the following spring in both blocks at Bowser on April 11,
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2011. Assessment of the leader was performed using binoculars, after preliminary trials

of binocular assessments followed by pruning and scoring of assessed branches
confirmed the viability of the method. Buds were scored using the following scale
(modified from Murray et al. 1989): 1=not swollen, 1.5=slightly swollen, 2=swollen,
2.5=swollen with distinct asymmetrical bulge, 3=green foliage showing, 3.5= emergent

foliage, and 4=emergent, unfolded foliage.

Electrolyte Leakage
Cold hardiness was assessed by electrolyte leakage after controlled freezing for

samples collected at Bowser on September 28 and December 1, 2010, and January 29,
and March 25, 2011. Samples collected from Terrace were assessed on October 15, 2010.
For each collection, two trees per family per block were sampled, for two blocks at each
site. Live twigs were collected from the mid to upper canopy on the south side of each
tree using a 10m pole pruner, and then stored on ice for transport to the laboratory.
Samples were rinsed in distilled water and cut into 0.5cm sections, excluding buds. Six of
these sections were added to each of four scintillation vials with 0.2mL of distilled water.
Each section of stem had both ends freshly cut at the time of processing. The four
replicate vials prepared from each tree were allocated to each of three freezing
temperatures and one refrigerated control. The three treatment vials were frozen in a
programmable freezer (Caltech Scientific Ltd. Richmond, BC; Lab Chest Freezer Model
8458, Forma Scientific, Walton, MA) to -8, -12, or -16°C for September and October
samples, -12, -16 or -20°C for December samples, -16, -20 or -24°C for January samples,
and -12 or -20°C for March samples. The rate of temperature decline during freezing was
a maximum of5°C/h, and samples were held at each test temperature for one hour prior
to removal. Immediately following removal from the freezer, samples were stored in a
4°C refrigerator, where they remained overnight. The following morning, 10mL of
distilled water was added to each of the vials, which were then left on an orbital shaker at
room temperature for 18 hours at 75RPM. Conductivity (L;) was then measured (Jenway
Ltd. 4020 Conductivity Meter, Staffordshire, UK), after which samples were heated to
100°C inanoven to heat kill the tissues, then once again shaken overnight. Conductivity

(Lx) was remeasured the following morning.
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Index of injury (l;) was calculated for each tree at each temperature using the
following formula:

[ = 100 (R~ Ry)
t 1-R,

Where:

Ry =5 Ry=1
I; = The index of injury due to freezing at temperature t

L: = Conductance of solution from sample frozen at temperature t

Lx= Conductance of solution from sample frozen at temperature t, then heat-killed
Lo= Conductance of solution from unfrozen sample

Ls= Conductance of solution from unfrozen, heat-killed sample

(Flintet al. 1967).

Acetylene Reduction
Assessment of nitrogen fixation by acetylene reduction was carried out from June

28-July 10, 2010 in Bowser, and July 23-August 2, 2010 in Terrace. Pits were dug
approximately 1m from the base of the stem to a depth of 11cm, for each of two trees per
family per block for two blocks at each test site. One nodule >0.5cm in diameter was
gently removed from a root and placed ina 125mL glass jar with a customized lid
featuring a perforable membrane. 12.5mL of air was removed from the jar and replaced
with acetylene (atomic absorption grade, Praxair Inc. Danbury, CT, USA) to create a
10% v/v atmosphere of acetylene. Samples were incubated ina covered, 15-25cm deep
pit for 60 minutes to minimize any change in temperature due to removal from the soil.
After incubation, 12mL of sample gas was removed from the jar and stored in evacuated
vials (12mL Exetainer, Labco Ltd. Buckinghamshire, UK) for transport to the laboratory.
Each sampling day, any rainfall and the temperature of the incubation pit were recorded.
The location of each nodule collected for acetylene reduction was marked for later nodule
density estimates.

Gas samples were analyzed for concentrations of acetylene and ethylene using a
flame ionization detector (FID) (Varian 3800 Gas Chromatograph, Varian Inc, Palo Alto,

CA). 0.5mL subsamples were injected for each gas sample collected in the field.
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Nodule density was estimated by collecting all nodules found in four pits of fixed

size (22cm long x 22cm wide x11cm deep). The location of the nodule used for acetylene
reduction measurement was used as the centre point of the first pit (thus, the nodule
collected for acetylene reduction was counted as being within the first pit); the other three
pits were evenly spaced around the tree, approximately 1m from the stem. Pits were dug
to a depth of 11cm, as preliminary testing indicated no nodules below this depth. All
nodules collected were oven dried and weighed. Nodule density was then calculated as
oven dry weight of nodules per unit volume of soil excavated (g/m?).

At the end of each acetylene reduction assessment period, soil samples were
collected from throughout the sample sites, to estimate soil nitrogen content. Six to ten
cores 10cm in diameter and 12cm deep, approximately evenly spaced throughout the two
blocks sampled, were collected. Cores were collected and immediately dried, then
packaged for analysis of carbon and nitrogen content using a FlashEA 1112 elemental

analyzer (Thermoquest Corp., Milan, Italy).

5'°N and 83C Isotope Analyses
8N was measured to estimate the proportion of nitrogen derived from nodule

activity by each of 50 families over the growing season. 5**C was measured to estimate
the water use efficiency of the same 50 families. Bud samples were collected from the
mid to upper canopy on the south side of each of two trees per family per block for two
blocks, then oven dried at 50°C to constant weight. The individual trees sampled at each
site were those used to measure acetylene reduction that summer. Collections were
performed on September 21-22, 2010 in Bowser and October 7-8, 2010 in Terrace. Dried
samples were homogenized using a ball mill and packaged as 4.0mg of sample in 8x5mm
tin capsules (Elemental Microanalysis Ltd. Cambridge, UK.) for analysis at the UC Davis
Stable Isotope Facility in Davis, California.

Finding control plants for 3'°N analysis was a significant challenge in the current
study. In order to limit interspecific competition, the test sites were routinely thinned and
brushed after establishment of the alder seedlings. Collection of bud or leaftissue from
control plants was thus limited to small, understory plants that shared little in the way of

rooting profile or uptake discrimination processes with the alder. Due to these difficulties,
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8N values are presented here as relative comparisons among families or regions, and

not as absolute values of total nitrogen fixed by individual trees, as suggested by Danso
(1995).

Canopy Cover
Autumn canopy cover was visually estimated to the nearest 10% for each

surviving tree in the 58 selected families in two blocks on each test site. Estimates were
made on September 23 and November 2, 2010 in Bowser, and on October 9, 2010 in
Terrace. All estimates were performed by the same experimenter and were calibrated
using images of known proportions of canopy cover (BC Ministries of Forest and

Environment 1998) in order to maintain consistency.

Data Analysis
Data were analyzed by analysis of variance to examine the significance of

regional and family variation, and by correlations to e xamine relationships among
latitude, longitude and elevation of family origin and all measured phenology, cold
hardiness, acetylene reduction, and isotope variables (Appendix A, B). SAS 9.1 software
(SAS Institute Inc., Cary, NC, USA) was used for analyses; specifically, PROC MIXED
(using the REML estimation method), PROC CORR and PROC REG (for latitude,
longitude and elevation comparisons). A p-value of0.05 was used as the limit of
significance, while p-values from 0.05 to 0.07 were treated as “weakly significant”, and
are presented here primarily as trends within the data. Individual family and regional
means were compared with the SAS LSMEANS function.

Families were considered a fixed effect because they were specifically selected
based on changes in height rank between sites using 10-year height data, as well as to
represent a spread of provenances in coastal British Columbia. Temperature was
considered a fixed effect in cold hardiness analyses as controlled freezing temperatures
were selected, based on past experience in the lab, with the intention to create a range of
damage in the frozen tissues.

ANOVAs to examine family differences in phenology, acetylene reduction and

isotope data were performed separately by site with the following model:
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Yire =0+ b; + F+ bFij‘l'Eijk
where:
yiik = performance of the k™ tree of the j™ family in the i'" block,
p = the overall mean,
b; = the random effect of the i'" block (i=1,2,3 in Terrace for bud flush, i=1,2 in Terrace
for other data, i=1,2 in Bowser),
F; = the fixed effect of the j*" family (j=1...50 for acetylene reduction and isotope
analysis, j=1...58 for bud flush and leaf senescence),
bF;; = the random effect of the i'" block by the | family,

gijk = the random error associated with the k'™ tree from the j'" family in the i'" block.

ANOVAs to examine family differences in cold hardiness were performed separately by
site with the following model:

Vi =M+ b+ F, 4T, + bF, + bT,; + TF, + £,

4

where:

yiik = index of injury of the k™" tree of the j family in the i'" block at the I'" temperature,
u = the overall mean,

b; = the random effect of the it" block (i=1,2),

F; = the fixed effect of the it family (j=1...50),

T = the fixed effect of the I temperature (I=1,2 for March assessment, 1=1,2,3 for all
other assessments)

bFij = the random effect of the i block by the j' family,

bT;i = the random effect of the i block by the I'" temperature,

TF; = the random effect of the ' family by the I'" temperature,

gijki = the random error associated with the k'™ tree from the | family in the i block at

the I temperature.

ANOVAs to examine regional differences in phenology, acetylene reduction and isotope
data were performed separately by site with the following model:
Yie =1+ b; + R+ bRij + &5
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where:

yik = performance of the k™ tree of the j™" region in the i*" block,

u = the overall mean,

b; = the random effect of the it" block (i=1,2,3 in Terrace for bud flush, i=1,2 in Terrace
for other data, i=1,2 in Bowser),

R; = the fixed effect of the j'" region (j=1...6),

bRj; = the random effect ofthe i block by the j™ region,

gijk = the random error associated with the k'™ tree from the '™ region in the i block.

ANOVAs to examine regional differences in cold hardiness were performed separately
by site with the following model:

Yie =0+ b, + R +T, + bRiJ- + bT,, + RT3+ &5

where:

yijik = index of injury of the k™" tree of the j'" region in the i block at the I temperature
p = the overall mean,

b; = the random effect of the it block (i=1,2),

R; = the fixed effect of the j™" region (j=1...50),

T, = the fixed effect of the I'" temperature (1=1,2 for March assessment, 1=1,2,3 for all
other assessments),

bRj; = the random effect ofthe i block by the j™ region,

bT; = the random effect of the i block by the I temperature,

RT;i = the random effect of the j™" region by the I'" temperature,

gijki = the random error associated with the k' tree from the j™" region in the ™" block at the

" temperature.
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Results

Height and Diameter
Mean height differed significantly among regions of origin at each test site

(Bowser (BW) p=0.0090, Terrace (TR) p<0.0001, see Appendix A for ANOVA tables).
At both sites, trees originating from the Haida Gwaii were among the shortest, while trees
from the other regions varied in their rankings between sites (Fig. 3). Differences among
mean family height were also significant at each test site (BW p=0.0206, TR p<0.0001).
At both sites, families from the Haida Gwaii region grouped loosely in the bottom half of
height ranking (Fig. 4).

DBH varied significantly among regions at both test sites (BW p=0.0082, TR
p=0.0150). Families were also significantly different at both test sites (BW p=0.0003, TR
p=0.0086), with mean family DBH ranging from 8.1-16.5cm at Bowser and from 8.0-
12.1cmat Terrace. No significant correlation was detected for mean family DBH
between the two sites. Mean family height and diameter were correlated at both test sites
(BW r=0.7376, p<0.0001; TB r=0.5913, p<0.0001).

Both mean family height and DBH at the Bowser test site were negatively
correlated with family latitude of origin (height r=-0.3903, p=0.0061, DBH r=-0.3768,
p=0.0083, see Appendix B for correlation table). Correlations between latitude and height
or diameter were both positive at Terrace, though not statistically significant.
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Figure 3: Mean height by region of origin of trees measured at Bowser (A) and Terrace (B)
in the winter of 2010. Regional means are shown * standard errors. Lower case lettering
indicates statistically significant groupings of regions. Region abbreviations: Northern
Mainland (NM), Haida Gwaii (HG), Bella Coola (BC), Southern Mainland (SM), Eastern
Vancouver Island (VIE) and Western Vancouver Island (VIW).
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Figure 4: Mean family height for trees measured at Bowser (A) and Terrace (B) in the
winter of 2010. Family means are shown + standard errors and are coloured to indicate

region of family origin.
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Bud Burst

Bud burst measured in March and April of 2010 in Bowser, and April 0f2010 in
Terrace was found to vary significantly among regions of origin (Fig. 5). No significant
differences among regions were detected in April 2011 in Bowser, although the pattern
among regions was notably similar to that observed one year prior (Fig. 5B,D). In
general, families from the northern and southern mainland regions, together with the
Haida Gwaii, showed more advanced bud development early in the spring, while the
Bella Coola and VVancouver Island families formed a second group showing a more
delayed bud burst. Although differences among regions were statistically significant, they
are biologically small: most mean values were within one quarter of one point on the
four-point scale. My data do not allow for an assessment of how long transitions among
stages may take, thus differences among stages may represent important increases in

growing season length.
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bud development. Regional means are shown + standard errors. Lower case lettering
indicates statistically significant groupings of regions. Region abbreviations: Northern
Mainland (NM), Haida Gwaii (HG), Bella Coola (BC), Southern Mainland (SM), Eastern

Vancouver Island (VIE) and Western Vancouver Island (VIW).
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Differences among families in bud burst stage were statistically significant at
Bowser in April 2010 (e.g. Fig. 6) and April 2011 (p<0.0001, and p=0.0078,
respectively), but not in Bowser in March 2010. Family differences were weakly
significant at Terrace in April 2010 (p=0.0518). Almost all families were within one half
point of each other on the four point scale at each evaluation date (Fig. 6).

]

- Bella Coola

[ ] | Northern Mainland
I | southern Mainland
=
|

Vancouver Island (E)

Vancouver Island (W)

3.5 f

Bud Stage

Figure 6: Bud burst at Bowser in April 2010, the evaluation date showing greatest variation
among families. Family means £standard errors for each of 58 measured families, colour
coded by region of origin.

Bud Burst Correlations

Mean family bud burst values for each date of assessment were positively
correlated with values from all other assessments (Table 3). At Terrace, bud stage was
also correlated positively, but weakly, with height (r=0.2800, p=0.0539). At Terrace,
April bud burst was positively correlated with latitude of family origin (*=0.1302,
p=0.0117); northern trees were more advanced in bud stage than were southern trees. In
April 2010, Bowser bud development was more advanced in those trees showing a lower
frost hardiness (higher index of injury) after freezing treatment in March 2011 (r=0.29609,
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p=0.0404). At Bowser, bud burst in April 2011 showed a similar positive correlation with
index of injury in March 2011, but this was not statistically significant (r=0.2204,
p=0.1323). Mean family bud burst stage at Bowser in March, 2010 was negatively but
weakly correlated with mean family canopy cover in November 2010 at the same site (r=-
0.2781 p=0.0556).

Table 3: Pearson correlation coefficients (r) and p-values for mean
family bud burst measured at two sites over two years. Measurements
were performed at Bowser (BW) onMarch 20, 2010, April 10, 2010, and
April 11, 2011. Trees at Terrace (TR) were evaluated once on April 21,
2010.

April 2010 April 2010 April 2011

BW TR BW
March 2010 0.6126 0.3333 0.5857
(BW) p<0.0001 p=0.0206 p<0.0001
April 2010 (BW) 0.4878 0.6295
p=0.0004 p<0.0001
April 2010 (TR) 0.3859
p=0.0068

Leaf Senescence (Canopy Cover)

There were significant differences in canopy cover among families from the six
regions at each site at each assessment (Sept BW p=0.0290, Oct TR p<0.0001, Nov BW
p=0.0104); however, the trends observed among regions were inconsistent among
assessments (Fig. 7). In September and October, families from the Bella Coola, southern
mainland and eastern Vancouver Island regions had greater canopy cover. By November,
the southern mainland and eastern VVancouver Island regions had highest canopy cover.
Mean family canopy cover differed significantly at each site at each assessment (Sept
BW p=0.0023, Oct TR p<0.0001, Nov BW p<0.0001) (Fig. 8).
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Figure 7: Canopy cover present at Bowser (BW) and Terrace (TR) by region in the autumn
of 2010. Assessment was by visual estimate, carried out by asingle researcher using
photographs to maintain consistency. Regional means are shown + standard errors foreach
assessment date. Lower case lettering indicates statistically significant groupings of regions
for each assessment date. Region abbreviations: Northe rn Mainland (NM), Haida Gwaii
(HG), Bella Coola (BC), Southe rn Mainland (SM), Eastern Vancouver Island (VIE) and
Western Vancouver Island (VIW).
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Figure 8: Mean family canopy cover for autumn of 2011 +standard error for each of 60
measured families, colour coded by region of family origin. Assessments were carried out at
Bowser (BW) and Terrace (TR) on Sept 23 (BW), Oct 9 (TR) and Nov 2 (BW).

Senescence Correlations

Mean family percentage of canopy cover on each date of assessment was
positively correlated with values for all other assessments (Table 4). Values fromeach
assessment date were negatively correlated with longitude; those families from farther
west had lower canopy cover at each assessment date ((Sept r?=0.2118 p=0.0010, Oct
r?=0.4228 p<0.0001, Nov r>=0.3365 p<0.0001, Fig. 9). At Bowser, in November, mean
family canopy cover was also negatively correlated with latitude of family origin (r=-
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0.5151 p=0.0002), indicating northern families had less canopy cover in late autumn in

the common garden trial. In October (Terrace) and November (Bowser), canopy cover
was correlated positively with both tree height and diameter at the respective site (TR
height r=0.4144 p=0.0034, TR DBH r=0.3334 p=0.0206, BW height r=0.3534 p=0.0137,
BW DBH r=0.4392 p=0.0018).

The October measure of canopy cover in Terrace showed significant positive
correlation with 5*3C values (r=0.3034 p=0.0361), indicating that more water use
efficient families had a higher canopy cover later in the year.

Mean family canopy cover in both the October (Terrace) and November (Bowser)
assessments was positively correlated with §*°N (Oct r=0.4375 p=0.0019, Nov r=0.3205
p=0.0264); trees with a higher percentage of canopy cover had less of their bud nitrogen
from fixation in the nodules. Similarly, canopy cover at Terrace in October was
negatively correlated with the rate of acetylene fixation per gram of nodule tissue in the
previous summer (r=0.3774 p=0.0082). Canopy cover was positively correlated with
percent nitrogen in bud tissues for each assessment (Sept r=0.5786 p<0.0001, Oct
r=0.5939 p<0.0001, Nov r=0.3418 p=0.0174).
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Figure 9: Regressions between mean family canopy cover in autumn 2011 and family
longitude of origin for each of three assessments. Assessments were carried out at Bowser
(BW) on Sept 23 and Nov 2, and at Terrace (TR) on Oct 9. Points are colour coded by
region of family origin.

Table 4: Pearson correlation coefficients (r) and p-values for mean family canopy cover
measured at two sites (Bowser-BW and Terrace-TR). Assessments were carried out at
Bowser on September 23 and November 2, and at Terrace on October 9, 2010.

TR Oct 2010 BW Nov 2010
BW Sept 2010 0.7783 0.6605
p<0.0001 p<0.0001
TR Oct 2010 0.5694

p<0.0001
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Differences in mean values for 5*3C were not found to be statistically significant

among families or regions. Mean 813C was statistically different between the Bowser and
Terrace sites (p<0.0001). Mean 8**C at Bowser was -26.20 + 0.1015, while the mean at

Terrace was -29.09 £+ 0.1271 (means + standard error). Values for individual trees ranged
from-31.23 to -23.27 at Bowser, and from -33.10 to -25.22 at Terrace.

83C Correlations

When family 513C values were averaged over both sites, 5:3C was weakly

negatively correlated with longitude (?=0.0791 p=0.0528) (Fig. 10), indicating that more

castern families were more water use efficient. As mentioned above, 813C was positively

correlated with the October measure of canopy cover in Terrace (r=0.3034 p=0.0361).
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Figure 10: Regression of mean family 6'°C with longitude for each of 48 families. Data
shown were averaged over the Bowser and Terrace sites. Points are colour coded by region

of family origin.
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Cold Hardiness

Cold hardiness measured in September at Bowser varied weakly among regions
(p=0.0655). In December, January, and March in Bowser, index of injury varied
significantly among regions (p=0.0271, 0.0384, and 0.0123, respectively (Fig. 11B,C,D).
Index of injury was also found to vary among regions at Terrace, when measured in
October (p=0.0434) (Fig. 11E). Atboth test sites in autumn, families from the northern
mainland and Bella Coola regions showed the greatest level of cold hardiness (lowest
index of injury) (Fig. 11A,D). This trend continued throughout December and January at
Bowser (Fig. 11B,C). In March, the northern mainland families were significantly less
hardy than the Bella Coola families, though they were still hardier than the southern
mainland or eastern Vancouver Island families (Fig. 11D). Individual family means were

significantly different for all measurement dates (Table 5, Fig. 12).

Table 5: PROC MIXED results for the significance of the family
effect on index of injury measured by stem electrolyte leakage at
Bowser (BW) or Terrace (TR) over the winter of 2010-2011.

Family (p>F)
September (BW) 0.0219
October (TR) 0.0119
December (BW) 0.0008
January (BW) 0.0092

March (BW) 0.0184
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Figure 11: Mean index of injury by region measured by electrolyte leakage at Bowser (BW)
and Terrace (TR) over the winter of 2010-2011. Regional means are shown + standard
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Cold Hardiness Correlations

Mean family index of injury values for each date of assessment were positively
correlated with values from all other assessments (Table 6, Fig. 13). Mean index of injury
was negatively correlated with latitude for all dates (Sept r>=0.4497 p<0.0001, Oct
r?=0.1446 p=0.0077, Dec r*=0.1528 p=0.0060, Jan r’=0.1319 p=0.0112, Mar r’=0.3325
p<0.0001). Northern families were less damaged by controlled freezing than were
southern families. Family mean index of injury was negatively correlated with longitude
for the September and March measures (r=0.1982 p=0.0015, r’=0.1425 p=0.0082,
respectively), thus eastern families were less cold hardy than were western families on
those dates. The correlations between mean family height and index of injury were of
opposite sign at the two sites. At Bowser, height was positively correlated with index of
injury for each assessment date; those families that were least cold hardy tended to be
tallest (Sept r=0.3732 p=0.0090, Dec r=0.3403 p=0.0179, Jan r=0.4678 p=0.0008, Mar
r=0.3705 p=0.0095) (Fig. 14A). At Terrace, the opposite was true, height and index of
injury were negatively correlated (r=-0.3719 p=0.0092) (Fig. 14B).
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Table 6: Pearson correlation coefficients (r) and p-values for mean family index of injury
measured at two sites (Bowser-BW and Terrace-TR) over the winter of 2010-2011.

Oct (TR) Dec (BW) Jan (BW) Mar (BW)

Sept (BW) 0.5271 0.5302 0.2933 0.5615
p=0.0001 p=0.0001 p=0.0430 p<0.0001

Oct (TR) 0.2887 0.5263 0.3492
p=0.0466 p=0.0001 p=0.0150

Dec (BW) 0.3161 0.4473
p=0.0286 p=0.0014

Jan (BW) 0.4777
p=0.0006

Nitrogen Fixation
Acetylene reduction per gram of nodule tissue or per cubic metre of soil

excavated was not found to vary significantly among families or regions. Mean mass of
nodules in the density assessment pits was found to be weakly, but significantly different
among families (p=0.0594), but only when data was pooled for the two sites (Fig. 15).
Soil nitrogen content varied between sites (p=0.0030). Mean soil nitrogen at Terrace was
1.73% + 0.1547 by mass; while at Bowser mean soil nitrogen was 0.84% + 0.1958 (mean

* standard error).
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8N did not vary significantly among regions. There was a weak but significant

difference among families at both sites (BW p= 0.0594, TB p=0.0510, Fig. 16). 51°N
values at Bowser ranged from-4.57 to -0.49, witha mean of -2.73, and at Terrace from -
5.58 to -0.39 with a mean value of-2.02.

Percent nitrogen in bud tissue varied significantly among regions at both sites
(BW p=0.0512 TR p=0.0397) (Fig. 17), and among families at Terrace (p=0.0433) (Fig.
18). Mean percent nitrogen in bud tissues at both sites was found to be 1.8%. Values for
individual trees at Bowser ranged from 1.3-2.4%, while values for individual trees at

Terrace ranged from 1.0-2.5%.
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Figure 15: Mean family mass of nodules excavated from four, evenly distributed,
22x22x11cm pits located approximately one metre from the base ofeach tree. Family means
are pooled between the two test sites, and arranged from lowest to highest, and are shown £
standard error. Each family mean is colour coded by the family’s region of origin.
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Nitrogen Fixation Correlations

Family means at Bowser for acetylene reduction (per gand per m®), density of
nodules, and 5*°N were not significantly correlated with those measured at Terrace.
Family mean percent nitrogen in bud tissues was positively correlated between the two
sites (r=0.3323 p=0.0210).

Acetylene reduced per m® of soil was negatively but weakly correlated with §*°N
at Terrace (r=-0.2825 p=0.0517), thus those families with a high rate of instantaneous
nitrogen fixation in August were also found to have a high proportion of their total
nitrogen from fixation on the Terrace site (Fig. 20D). 5:°N was positively but weakly
correlated with the percentage of nitrogen inbud tissues for both sites (BW r=0.5775
p<0.0001, TR r=0.5556 p<0.0001), thus families with more nitrogen obtained from
fixation in the nodules had a lower total percentage of nitrogen (Fig. 20E).

At Terrace, acetylene reduction per gram of nodule tissue was correlated
negatively with both height (r=-0.3789 p=0.0079) (Fig. 20F) and diameter (r=-0.4497
p=0.0013), thus, larger families appeared to be fixing less nitrogen per unit of nodule
mass than were smaller families at this site, though the trend with height was primarily
driven by two families (Fig. 20F). Neither height nor diameter at Terrace were
significantly correlated with acetylene reduction per m* of soil (r=0.0919 p=0.5340 and
r=-0.1356 p=0.3581 for height and diameter, respectively). Family mean percent nitrogen
in buds was positively correlated with height at Terrace (r=0.3951 p=0.0054) (Fig. 201)
and with diameter at Bowser (r=0.3688 p=0.0099).

Mean family 5°N at Bowser was found to correlate negatively with latitude
(r*=0.0955 p=0.0325) (Fig. 19A); northern families had a higher percentage of their
nitrogen sourced from fixation in the nodules than did southern trees. A negative trend
was observed for 8*°N and longitude at both sites (BW r?=0.1236 p=0.0143, TR
r’=0.1627 p= 0.0045) (Fig. 19B). There was an observed negative correlation between
mean family percent nitrogen and longitude of family origin on each site (BW r*=0.2067
p=0.0012, TR r’=0.2181 p=0.0008) (Fig. 19D). At Bowser, both the mean family
acetylene reduced per m* of soil and the mass of nodules per unit volume excavated were
positively correlated with elevation of family origin (r?=0.2236 p=0.0009, r>=0.0913
p=0.0412, respectively) (Fig. 19C).
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Mean family 8*°N was negatively but weakly correlated with bud burst at Bowser

in April of 2010 (r=-0.2781 p=0.0556) (Fig. 20A); thus families with earlier bud
development had a higher percentage of their nitrogen sourced from fixation in the
nodules.

Both sites showed a positive correlation between mean family 3'°N and canopy
cover in either October (Terrace) or November (Bowser) (TR r=0.4375 p=0.0019, BW
r=0.3205 p=0.0264) (Fig. 20C); families with a higher canopy cover later in the year
acquired less of their total nitrogen from fixation in the nodules. At Terrace, acetylene
reduced per gram of nodule tissue was correlated negatively with canopy cover in
October (r=-0.3774 p=0.0082) (Fig. 20H).

Acetylene reduced per gram of nodule tissue at the Terrace site was correlated
positively with index of injury in October (r=0.3221 p=0.0256) (Fig. 20G). A positive
association was found for 8*°N and index of injury in both September and December at
the Bowser site (r=0.2884 p=0.0468, r=0.2999 p=0.0384, respectively) (Fig. 20B), thus
less cold hardy families tended to have less of their bud nitrogen sourced from fixation in

the nodules.
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Discussion

Significant differences were identified among families for growth (height and
diameter), bud burst, leaf senescence, cold hardiness, and bud nitrogen content. No
significant differences among families were identified for water use efficiency as
measured by 8*3C, or for rates of nitrogen fixation as measured by either acetylene
reduction or natural abundance 5*°N. Insome cases, such as bud burst or water use
efficiency, my results are similar to those of experiments done previously on red alder
seedlings (Cannell et al. 1987, Dang et al. 1994). My data compliment these previous
studies by extending the work done on red alder to adult trees.

My study identified possible adaptive differences among genotypes, especially in
traits such as bud flush timing, cold hardiness, or nitrogen content and their respective
contributions to growth. These often reflected a tradeoff between growth and the ability
to tolerate an extreme environment. The data presented here include important
considerations and possible cautions for red alder breeding programs or potential assisted

migration programs in terms of increased risks in a latitudinal movement of genotypes.

Bud Burst
Previous work has shown that northern families of deciduous trees tend to burst

bud earlier in the spring than do southern families when planted at the same site (Jensen
and Hansen 2008, Liet al. 2003). My results showed a less clear trend, with no
straightforward significant correlation between latitude and bud burst. The northwest to
southeast orientation of the coastline of British Columbia and the maritime influence on
all coastal populations likely reduced the impact of simple latitudinal trends in bud burst
timing, and trends were more easily explained by differences among regions of seed
origin. While the northern mainland and Haida Gwaii regions showed an early
resumption of growth in spring at Bowser, my data suggest that the southern mainland
region may form a group together with these two more northerly regions (Fig. 1, Fig. 5).
While it might have been expected, based on previous research (Jensen and Hansen 2008,
Liet al. 2003), for the Vancouver Island families to show a more delayed emergence

from winter dormancy, the grouping of these regions with the Bella Coola families is
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surprising (Fig. 5). The reasons for a delayed emergence in the Bella Coola region are

unclear. The pattern among regions was consistent throughout the duration of bud flush
(Fig. 5A,B), between years (Fig. 5B,D), and between sites (Fig. 5B,C).

Previous work with red alder has found that seedlings in a common garden plot,
whose origins spanned from Washington to Alaska, all burst bud within one week ofeach
other (Cannell et al. 1987). From my data, it is not possible to comment directly on the
duration of each stage of bud burst. However, despite statistically significant differences
between regions and families, the assessments performed cannot refute the hypothesis
that red alder bud flush is nearly synchronous (Cannell et al. 1987). Regional means were
all within one-quarter point on the four-point scale used by Cannell et al. (1987) at each
date of assessment (Fig. 5), while family means were nearly all within one-half point
(Fig. 6). Also, the relatively strong correlation between two assessments carried out in the
spring of 2010 at Bowser (Table 3) suggests that bud flush progresses at an
approximately even pace in red alder, regardless of family climate of origin. Along with
the previous work performed by Cannell et al. (1987), this suggests that the overall
growing season length in red alder is not greatly determined by regional or family
differences in bud flush timing (Vitasse et al. 2009). However, even small differences in
bud flush timing between families may have a large impact. Those families that burst bud
earlier did show increased height growth at Terrace, on average. Thus, while differences
in the timing of foliage emergence appear to be slight, they may be sufficient to influence

the overall growth and development of individual families.

Leaf Senescence
As with the beginning of the growing season, the timing of the end of the growing

season is a trade off between increased opportunity for growth and increased risk of
damage due to winter frost. It is generally the end of the growing season that determines
the overall duration of growth (Vitasse et al. 2009), and it has been suggested that the
delayed senescence of southern ecotypes of some woody plants is responsible for the
increased growth of these ecotypes (Jensen and Hansen 2008, Li et al. 2003). In the

current study, significant differences in canopy cover among regions and among families
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were detected at all assessments, though the patterns were not consistent among

assessments.

In September, at Bowser, the Bella Coola region showed significantly higher
canopy cover compared to the other regions (Fig. 7A). As with bud flush, this is not
easily explained by a north-south division of regions. Trees from the northern regions
(Haida Gwaii and the northern mainland), as expected, had a lower percentage of canopy
cover early inautumn than did those from Bella Coola. Unexpected was the similarity
among the northern regions and the southern mainland and Vancouver Island regions
(Fig. 7A). The eastern Vancouver Island region showed the expected trend of southern
regions delaying leafdrop, but | believe that the weakness of these trends may be due to a
complication in these data. The measure used for the end of the growing season was the
percentage of canopy cover present, which includes canopy cover lost over the summer
months due to drought-induced leaf abscission (Pezeshki and Hinckley 1988). The lack
of a strong north-south trend in canopy cover early in the autumn may be due to the
confounding influence of regional adaptations to summer drought, and early leaf drop
because of drought stress. It might be expected that regional trends in leaf drop associated
with the end of the growing season would become more prominent later in the autumn.
Indeed, in November there was a strong negative correlation between latitude and canopy
cover; those families originating from further north had less canopy cover than did those
from the south (Fig. 7C, 8C).

Although I did not measure soil water status, it likely varied between the two test
sites (Table 1). | observed that the Terrace site was usually wetter than the blocks
measured at Bowser. Therefore, the October assessment of canopy cover at Terrace was
not an ideal measure for distinguishing a possible point of transition from drought-
influenced leaf loss to latitude- influenced autumn leaf loss. It may be noted, with this
caution in mind, that comparing the September assessment at Bowser and the October
assessment at Terrace the Haida Gwaii families showed the greatest difference, with a
drastic decrease in canopy cover between the assessments on the two sites compared to
other regions (Fig. 7A,B). It was expected that the Haida Gwaii families would show an

earlier loss of foliage than southern families (Jensen and Hansen 2008, Li et al. 2003),
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but the expected early foliage drop was not observed in northern mainland or Bella Coola

families in either the September or the October assessment (Fig. 7A,B).

The October and November assessments showed positive correlations between
canopy cover and growth measures of the respective sites. Both height and diameter were
greater in those families having more foliage later in the year. A higher canopy cover
later in the season might be expected to be associated with increased growth, though this
trend has been shown to be reversed in some species (Vitasse et al. 2009, Jensen and
Hansen 2008). Vitasse et al. (2009) found both positive and negative correlations
between height growth and canopy cover, but the majority of species showed positive
correlations. Only a single species showed a significant negative correlation, which was
weak (r=-0.16) (Vitasse et al. 2009). Thus, the trend seems to be toward increased
growth associated with more canopy cover later in the year for most species. Despite a
possible confounding of drought and autumn senescence in my study, the trends
emerging later in the autumn (November) confirm what was expected for the end of the
growing season.

All three assessments showed significant negative correlations between longitude
and canopy cover; those families originating from farther west had less canopy cover
than eastern families on each assessment date. This may provide more indirect evidence
for the influence of drought over canopy cover, as it is likely that western coastal families
would be less drought-adapted than more inland eastern ones. This will be elaborated
further in the discussion of water use efficiency.

Red alder’s inability to tolerate drought, and the species’ overall “water-spender”
characteristics result in high rates of early leaf abscission when compared to other co-
occurring trees such as P. trichocarpa (Pezeshki and Hinckley 1988). This impacted my
measure of the end of the growing season, as the percentage of canopy present for each
tree in autumn would not account for foliage lost due to drought earlier in the season. As
discussed previously, despite this confounding of variables, it appears as though the
earlier autumn canopy results may be dominated by drought processes while the late
autumn assessment better reflected the timing of the end of the growing season.

While earlier bud burst may increase the duration of the growing season for some

families, it was found that those families which burst bud earliest at Bowser showed the
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least canopy cover in the autumn of that year. An early start to growth may represent not

only a lengthened growing season, but also a strategy of maximizing growth during the
period when water is readily available on the west coast. The strategy of early growth,
followed by early leaf abscission to avoid drought stress later in summer would allow for
more efficient seasonal use of water. Alternatively, an emphasis on springtime growth
may come at the cost of lower summer drought hardiness, and so lower canopy cover

later in the year.

8C

Differences of mean §'3C values among families and among regions were not
statistically significant, confirming results for two year old red alder seedlings (Dang et
al. 1994). Mean §*3C was significantly different between the Bowser and Terrace site; the
slightly less negative value at Bowser suggests that this site was drier and trees on this
site were more water use efficient. Alternatively, this increase in water use efficiency
may have been due to higher rates of photosynthesis, rather than more time spent with
stomata closed (Sun et al. 1996). The mean value for §*3C at Bowser (-26.20%o0) was
slightly higher (less negative) than has been reported for drought-stressed B. pendula
(ranging from -29.57%o to -27.38%0) (Aspelmeier and Leuschner 2004). The mean value
of 5'°C at Terrace was -29.09%o, falling within the range for well-watered B. pendula
(30.92%o0 to -28.85%0) (Aspelmeier and Leuschner 2004). However, the range of mean
family values of §C observed at Terrace (-33.10%o to -25.22%o) indicate that some
families were more water use efficient than drought stressed B. pendula (Aspelmeier and
Leuschner 2004).

In Terrace, October mean family canopy cover was positively correlated with
§3C, indicating that canopy cover was higher in those trees showing a higher water use
efficiency. This indicates that higher water use efficiency was achieved through greater
stomatal closure. As both water use efficiency and autumn canopy cover were negatively
correlated with longitude (Fig. 9,10), more eastern families of red alder in British
Columbia may be adapted to a drier continental climate on average. While neither of
these data sets present a direct line of evidence, | suggest that further study be conducted

into possible clines in drought tolerance in red alder, using more direct methods such as
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xylem water potential. Quantification of foliage loss due to drought over summer months

would also strengthen the evidence for sucha cline in drought tolerance.

The future climate of British Columbia is likely to be drier than current conditions
in many areas (Hamann and Wang 2006). It is critical that any breeding program for red
alder consider the ability of families to tolerate drought (Kumar et al. 2011). While my
study did not detect any correlation between water use efficiency and growth
characteristics, previous studies have identified Alnus as a genus generally unable to
maintain high rates of growth under drought conditions (Schrader et al. 2005, Hibbs et al.
1995, Giordano and Hibbs 1993). One study identified different growth patterns among
genotypes experiencing drought, and suggested that families maintaining favourable
growth patterns under drought conditions, such as less branching or faster growth, could
potentially be identified in the future (Hibbs et al. 1995). Based on my study, no families
of significantly superior water use efficiency were identified. A trend for eastern families
to show higher water use efficiency does provide a possible starting point for identifying

families of higher water use efficiency in future investigations.

Cold Hardiness
Trees originating from farther north generally begin development of cold

hardiness earlier in autumn than do southern trees when grown in a common garden
(Friedman et al. 2008, Weng and Parker 2008, Jensen and Deans 2004, Li et al. 2003).
Differences inautumn index of injury were significant among regions at both test sites
(Fig. 11A,E) and generally followed the expected trend with latitude. Families from the
two most northerly inland regions (northern mainland and Bella Coola) showed the
greatest level of cold hardiness in autumn. | identified a significant negative correlation
between family latitude of origin and autumn cold hardiness, confirming the expected
trend of northern families showing a deeper cold hardiness earlier than southern families.
Families from the southern mainland and both Vancouver Island regions were
consistently more injured by the freezing treatment in autumn, which is to be expected
for these more southern and coastal regions (Fig. 11AE). Previous work has
demonstrated that coastal provenances of temperate deciduous trees tend to show less

tolerance of cold than do inland provenances, due to the temperature buffering of the
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coastal environment by the ocean (Jensen and Deans 2004). The intermediate-to-high

injury sustained by trees originating from the Haida Gwaii suggests that the influence of
the coastal environment is stronger than the influence of latitude for this region inautumn
(Fig. 11A,E). The significant family differences detected for autumn cold hardiness in
mature trees support previous findings of variability in autumn cold hardiness among
families of two year old red alder seedlings (Cannell et al. 1987).

There is no widely applicable pattern regarding differences in midwinter cold
hardiness among geographically distant families of trees. Some studies have found that
the autumn pattern of northern or inland families demonstrating a greater tolerance of
cold continues through to midwinter (Friedman et al. 2008, Jensen and Deans 2004),
while other studies have found no differences among families (Taulavuori et al. 2004, Li
et al. 2003). Studies of trees in the Betulaceae have generally found no differences in
midwinter cold tolerance among families originating from geographically distant
provenances (Taulavuori et al. 2004, Li et al. 2003). My data did identify significant
family differences in red alder cold hardiness at midwinter (Table 5). When examined at
the regional level, the mean index of injury was found to follow a pattern similar to that
observed inautumn (Fig. 11A,B,C). The northern inland regions continued to show the
lowest index of injury at midwinter (Fig. 11B,C), though the differentiation among
regions was not as strong as in the autumn. While the trend was not statistically
significant, the southern mainland and VVancouver Island regions remained the most
heavily damaged by freezing treatment (Fig. 11B,C). Trees originating from the Haida
Gwaii were intermediate between the cold hardy northern inland regions and the more
cold sensitive southern coastal regions, though again, the differences were not
statistically significant (Fig. 11B,C). Overall, there was a significant negative correlation
between family latitude of origin and index of injury; those families originating from
farther north sustained less damage from the controlled freezing treatments at midwinter.
These findings extend the work done by Cannell et al. (1987), where methodological
limitations prevented assessment of midwinter cold hardiness of red alder seedlings.
Much of the previous work on cold hardiness in the Betulaceae has focused on Betula
spp. (e.g.: Taulavuori et al. 2004, Li et al. 2003, Li et al. 2002, Weih and Karlsson 1999).

It appears that in A. rubra, significant differences in midwinter cold hardiness among
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families were maintained, though these differences were less pronounced than inautumn

or spring. Similar results have been observed in A. sinuata (Benowicz et al. 2000a),
suggesting that these results may be more generally applicable within the genus Alnus.
These differences among genera in the Betulaceae demonstrate the importance of
investigating individual species before making ecological or silvicultural decisions.

Differences inspring cold hardiness were statistically significant among regions
and among families of red alder (Fig. 11D, 12B). The regional pattern in March was
similar to that in the autumn and midwinter assessments (Fig. 11B,C,D), with one notable
exception. The dehardening of families from the northern mainland region occurred
earlier in spring than those from the Bella Coola (Fig. 11D). This distinction between the
two northern continental regions emerged only in the spring assessment, and may be due
to the inland origin of the individual families of the Bella Coola region (Fig. 2). Families
from the southern coastal regions (the southern mainland and Vancouver Island) were
again less cold hardy than those from the northern regions, and this difference appears to
be more significant in spring than midwinter (Fig. 11 D). Latitude of family origin and
index of injury were negatively correlated in March, once again suggesting that northern-
sourced genotypes sustained less damage during the controlled freezing treatments.

The negative correlations between longitude and mean family indices of injury in
September and March are surprising, given that the regional pattern suggests that families
from coastal regions were more heavily damaged by the freezing treatment than were
families from inland regions (Fig. 11A,D). These correlations may be in part due to the
angled coastline of British Columbia placing more cold hardy northern families farther to
the west than less cold hardy families from the southern mainland region (Fig. 2).

Mean family index of injury at each of the autumn, midwinter, and spring
assessments were all correlated with each of the other assessments (Fig. 13, Table 6).
Thus, families that were cold hardy earlier in autumn tended to remain among the most
cold hardy throughout the winter, and remain cold hardy later in spring. Incontrast, no
correlation between autumn and spring assessments was found for the co-occurring
Douglas-fir (Hawkins and Stoehr 2009).

The adaptive significance of an increased duration and depth of cold hardiness

varied depending on the test site. Height and cold hardiness showed opposite correlations
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between Bowser and Terrace (Fig. 14). This may represent a tradeoff between height

growth and cold hardiness for red alder.

Families showing an earlier bud burst in spring also experienced more damage
due to freezing treatments in March. This highlights the risk of emerging from winter
dormancy too early (Beaubien and Hamann 2011). Those families more able to take
advantage of a longer growing season through earlier bud flush are more likely to suffer
damage due to late spring frosts, especially on colder sites. As mentioned, an increased
canopy cover later in the year was associated with increased growth in both height and
diameter on both test sites; however, no significant correlation between canopy cover in
autumn and cold hardiness was detected. These data demonstrate the importance of local
adaptation of phenology and cold hardiness to climate.

Families from the south of the province showed greater growth at Bowser than
did northern families. This higher growth rate may be an adaptation to inter- and
intraspecific competition, which can be very strong in high density stands arising early in
stand development (Ager et al. 1993, Giordano and Hibbs 1993, Burns and Honkala
1990). At Terrace, the fast-growing southern families likely experienced increased
damage from spring or autumn frosts, reducing their height growth in the following
season. Correlations were not significant between latitude and height or diameter at
Terrace, though the signs of the correlations are opposite to those at Bowser (Appendix
B). As has previously been discussed, northern families showed a greater tolerance of the
freezing treatments than did southern families throughout the entire winter, so it is not
clear from these data when during the winter growth-retarding damage occurs. Based on
previous research, it seems likely that spring and autumn cold hardiness play a major
role, as these are the periods in which trees are generally most vulnerable to damage
(Beaubienand Hamann 2011). However, red alder is not a very cold hardy species
(Tremblay and Lalonde 1987), so it is possible that southern families planted at the

northern test site experienced some level of damage from extreme midwinter cold.

Nitrogen Fixation
Neither the instantaneous nor the season-integrated measures of nitrogen fixation

were found to vary significantly among families at either site. The ARA results did not
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show significant differences among families, while §™°N at both sites was found to vary
among families only weakly. The wide variation in §*°N (from -5.58%o to -0.39%0) may
therefore have been due to factors other than alder family, or my sample sizes may not
have been sufficiently large. Heterogeneous distribution of nitrogen in the soil could lead
to uneven rates of nitrogen fixation among individual trees or among families, as all
individuals froma single family were placed in a single row in each block. The process
of nitrogen fixation is energetically expensive, and so in the presence of abundant soil
nitrogen, alder will reduce nodulation or fixation rates (Burris 1991, Binkley 1983).
Alternatively, the heterogeneous makeup of natural soils may provide an uneven
distribution of Frankia strains. Both the nodulation and fixation abilities of the bacteria
vary among strains (Carpenter and Robertson 1984), and once an individual tree has
initiated a symbiotic relationship with one strain of Frankia, the receptivity of the plant
host to further symbioses is greatly reduced (Berry and Sunell 1990). As nodulation
densities were found to vary significantly among families, but with no significant
regional pattern (Fig. 15), it seems likely that one (or both) of the symbionts varies in its
ability to form nodules among genotypes. Future studies identifying the diversity and
natural distribution of Frankia strains within British Columbia would shed light on this
issue.

Neither the acetylene reduction assay nor the measurement of natural abundance
SN was able to identify significant differences in nitrogen fixation among regions. §*°N
identified significant differences among families only weakly at both sites. Both
acetylene reduction and natural abundance nitrogen isotope analysis have limitations, as
discussed in the Introduction.

The percentage of nitrogen by mass in collected bud tissues was found to be
slightly lower, but overlapping with values reported previously for red alder seedlings
under one year old (Hibbs et al. 1995). On both sites, families from the southern
mainland and Bella Coola regions had higher bud nitrogen content while Haida Gwaii
families had lower in mean bud nitrogen content, on average (Figs 17, 18) These
observed differences may be in part due to differing glacial histories among the regions.
Allozyme work has suggested that the Haida Gwaii may have acted as a refuge for red
alder during the last North American glaciation (Hamann et al. 1998). This period of
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genetic isolation may have caused a specialization of alder family symbioses with then-

local strains of Frankia. As the distribution of strains of Frankia in British Columbia is,
as of yet, unmapped, it may be that the planting of families from the Haida Gwaii without
providing the specific strains of bacteria to which they are adapted led to reduced rates of
nitrogen fixation in those families. Though no significant regional differences were
detected, the pattern of mean §*°N among families shows that families from the Haida
Gwaii are consistently among the lower half of families in terms of proportion of nitrogen
from fixation in the nodules (Fig. 16). Again, further information regarding the diversity
and distribution of Frankia in the soils of British Columbia is required.

Correlations between latitude and §*°N at Bowser, and longitude and §*°N at both
sites indicate that northern families obtained more of their nitrogen from fixation than did
southern families, and western families obtained more of their nitrogen from fixation than
did eastern families. The east-west division may again be because of the angled British
Columbia coastline placing the northern families to the west of the southern families used
in this study. Another, non-exclusive explanation is that selection pressures in the western
coastal area may be more driven by competitive interactions than are adaptations in the
more climatically severe eastern inland area. A more extreme environment may select
less for rapid uptake of soil nitrogen, and more for those genotypes capable of exploiting
the largest range of habitat conditions or tolerating climatic extremes. The increased rate
of nitrogen fixation observed in northern families would broaden the acceptable habitat
conditions for those genotypes, and may reflect the genetic history of those families
recolonizing the northern region following the last glaciation (Hamann et al. 1998).

At Bowser, the rate of acetylene reduction was positively correlated with
elevation of family origin, though the result is driven by the few families originating from
high elevation (Fig 19C). While no significant correlation was found between elevation
and percentage of bud nitrogen in my study, previous work has found that tree genotypes
originating from higher elevations tend to have a higher nitrogen content in leaves than
do low elevation genotypes, even when only separated by a few hundred metres (Weih
and Karlsson 1999, Kérner 1989). Higher elevation genotypes also demonstrate increased
rates of photosynthesis when compared to low elevation genotypes (Korner 1989). A

high rate of photosynthesis may enable more rapid fixation of nitrogen in red alder, due
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to the increased abundance of photosynthate. As there was no significant trend between

the total ratio of fixed nitrogen to soil nitrogen and the elevation of origin or between bud
nitrogen and elevation of origin, it is likely that the observed high instantaneous rate of
acetylene reduction in some high elevation families is not sustained throughout the
growing season.

Inland families experience a longer winter than coastal families, and so may have
adapted for rapid growth during the short growing season. The prediction of high
nitrogen as an adaptation to a shorter growing season (Kdérner 1989) is opposite to what
was observed, and it is unclear why the observed percent nitrogen in bud tissue was lower
for western families than eastern families on both sites.

Mean acetylene reduction rates were lower among the tallest and largest diameter
families at Terrace. As the soil at the Terrace site was richer in nitrogen, this is likely
related to differences in energy expenditure among families. Those families expending
energy on the expensive process of fixation likely had less photosynthate to allocate to
growth, as has been found previously for A. hirsuta (Son et al. 2007). High rates of
acetylene reduction at Terrace were correlated with a high index of injury inautumn. It is
unclear how the differences in N fixation might directly impact cold hardiness, but it is
possible that the increased availability of photosynthate allowed greater cold hardening in
those families exhibiting a slower rate of acetylene reduction.

Studies of conifers have found that higher nitrogen content in evergreen needles
was associated with increased fall cold hardiness (Hawkins and Stoehr 2009, Dalen and
Johnsen 2004). At Bowser, those families with more nitrogen sourced from nodules
(more negative §°N) sustained less damage due to freezing treatment in September and
December. Families with more nitrogen sourced from nodules had a lower total bud
percent nitrogen in autumn, but no direct association was found between bud nitrogen
content and cold hardiness.

Increased bud nitrogen content was associated with increased growth at both sites.
A higher percentage of nitrogen in bud tissues was correlated with taller trees at Terrace,
and with larger diameter trees at Bowser. Higher rates of growth have been reported for
conifers fertilized with nitrogen, despite synchronous bud burst (Bigras et al. 1996). As

the relationship between the proportion of nitrogen from fixation and the total nitrogen
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content of buds was negative, it seems as though nitrogen fixation was not a significant

factor in the growth rate of individual red alder families. Rather, the ability to either
retranslocate more nitrogen in autumn or acquire more nitrogen from the soil is likely to
be associated with increased growth in red alder. In this view, nitrogen fixation is an
adaptive mechanismallowing an expanded range of habitat for red alder, but of limited
competitive value on higher nitrogen soils.

A higher proportion of nitrogen from fixation was found to be associated with
earlier bud development inspring. It may be that an earlier start to the growing season
enables an earlier start to fixation, during a period when soils contain more moisture.
While differences in bud stage among families were small, they were significant, and
appear to be correlated with increased nitrogen fixation over the course of the season, as
well as increased growth. In contrast, those families with more canopy cover in autumn
had a lower proportion of nitrogen from fixation in the nodules than did families with less
canopy cover. The duration of the growing season may be less important than the timing
of the growing season when discussing nitrogen fixation, as the nodules require specific
soil moisture conditions to function optimally (Shiptonand Burggraaf1982). An ear lier
start to the growing season may be more advantageous because of increased soil moisture
in the coastal British Columbian climate as compared to the drier summer and autumn
months.

While seasonal moisture differences may have had significant impact on the total
nitrogen fixed, the instantaneous rates of acetylene reduction were not found to vary
significantly with rainfall. The number of days since the last rainfall event was not
significantly correlated with acetylene reduction rates. As with Ekblad et al.’s (1994)
study, the number of rainfall events during the assessment period was limited, and so it is
impossible to rule out rainfall as a significant factor in the general case.

Acetylene reduction rates were not correlated with the temperature ofthe
incubation pit. Nitrogenase activity is negatively impacted by sudden changes in
temperature or other sudden disturbance (Winship and Tjepkema 1985, Sundstrom, and
Huss-Danell 1987 Wheeler et al. 1978). While pit temperatures ranged from 13.3 - 24°C,
the approximation of ambient soil temperature appears to have limited the damage to the

nodules in my study. The lack of correlation with rates of acetylene reduction suggests



71
that the buffering effect of incubating in a covered pit reduced any change in temperature

caused by removing the nodules from the soil.

Contrary to expectations, canopy cover at both sites was positively correlated with
8N, indicating that those trees with more canopy later in the year obtained less of their
nitrogen from fixation by the nodules. This suggests that photosynthate availability in
autumn is not the dominant factor in determining nitrogen fixation over the entire
growing season, as may have been expected froma simple interpretation of Sundstrém
and Huss-Danell’s (1987) theory. A higher water use efficiency, which was correlated
with high canopy cover, implies that less time was spent with open stomata and so less
photosynthate may have beenavailable. It may also be that in red alder, fixation is
constrained by factors other than the availability of photosynthetic area late in the
growing season, such as physical damage to the nodules due to drought or other stresses
over the growing season (Wheeler et al. 1978). However, the negative correlation
between canopy cover in autumn and acetylene reduction rates in summer at Terrace does
not support this hypothesis. Those families with less canopy cover late in the year had a
higher instantaneous rate of nitrogen fixation at Terrace and so, as has been suggested
previously, drought may not have had a direct physical effect on nitrogen fixation rates
(Lee et al. 2005). It is more likely then, that those families with a shorter growing season
likely exhibit higher rates of photosynthesis, as has been found previously for high
altitude trees (Korner 1989). An increased rate of photosynthesis earlier in the year would
increase photosynthate availability during a period when nodules are less likely to be
stressed by drought, satisfying both Sundstrom and Huss-Danell’s (1987), and Wheeler et
al.’s (1978) theories.

Canopy cover and bud nitrogen concentration were positively correlated, thus
those families with more foliage later in the season also had a higher concentration of
nitrogen in the buds. Bud nitrogen concentration at the end of the growing season may
not be reflective of the nitrogen content of the leaves during the growing season; the
proportion of bud N observed was lower than has previously been observed for red alder
foliage in seedlings (1-2.5% in buds vs. 2.5-3.1% in foliage) (Tripp et al. 1979). Even so,
this trend was somewhat unexpected in light of previous work that has found that those

trees with higher foliar nitrogen content may be adapted to a shorter growing season
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(Korner 1989). As the rates of photosynthesis of red alder were not measured in the

current study, it is impossible to say for certain whether or not an increased rate of
photosynthesis was associated with higher nitrogen fixation or canopy cover. As the best
explanation for the trends observed for nitrogen fixation relies on the rate of
photosynthesis, further research is clearly necessary before the (not necessarily

contradictory) theories may be fully evaluated.

Implications of a Changing Climate
Correlations among Bowser and Terrace indices of injury suggest that red alder

families are tightly adapted to their region of origin. Fast-growing families originating
from the south of the province appear to have been damaged by frost events at the
Terrace site, due to an inability to significantly acclimate to the local conditions.
Similarly, the regional differences in canopy cover, specifically involving families from
the Haida Gwaii, were maintained regardless of site. Tight adaptations may pose a
problem for assisted migration programs, as more care must be exercised to properly
match genotypes to planting sites than if the species showed a greater ability to acclimate.

While climates are generally expected to warm in the coming decades, possibly
decreasing the risk of midwinter cold damage, extreme early fall and late spring frost
events are expected to become more common (Beaubien and Hamann 2011). This
increased risk of frost damage must be considered in any context where alder families are
being planted outside of the range to which they have adapted. In this study, | found that
at the warmer southern site those families showing high growth were also those that were
least cold tolerant throughout the entire period fromautumn to spring. Thus, while a
south to north movement of families may be tempting to take advantage of increased
growth rates ina warmer climate, this increased growth may be negated or even reversed
due to increased susceptibility to early or late cold. This concern is illustrated clearly by
the data for the Terrace site, where the tallest families were also the most cold hardy,
while those less cold hardy families were notably smaller.

No significant differences in water use efficiency as measured by 8*3C were
identified among red alder families or regions. A clinal trend was identified, with more

western families of alder showing decreased water use efficiency and increased foliage
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loss. While other studies have also failed to find significant differences among families in

water use efficiency (Dang et al. 1994), other drought-related characteristics have been
found to vary among families of red alder (Hibbs et al. 1995, Dang et al. 1994). While
drought hardiness may not be an immediate priority in tree breeding programs seeking to
improve yield, a drying climate necessitates vigilance in maintaining drought hardy stock
for planting. One positive finding in light ofa drying climate is that as atmospheric CO
increases, red alder is likely to show an increased tolerance to drought (Hibbs et al.
1995).

A final consideration in light of climate change is the reduction of carbon
emissions afforded by a silvicultural system utilizing red alder in lieu of chemically
synthesized fertilizers. Man-made fertilizers require large amounts of energy to fuel their
production, the primary source of which is petrochemical combustion (Woods et al.
2010). By more closely replicating a natural system, with red alder adding biologically
fixed nitrogen to soils, it may be possible to reduce the carbon emission cost of
silviculture, while simultaneously taking advantage of larger yields associated with
fertilization (Binkley 1984).



74
Bibliography

Ager, A A, Heilman, P.E., and Settler, R.F. 1993. Genetic vatiation in red alder (Alnus
rubra) in relation to native climate and geography. Can. J. For. Res. 23: 1930-1939.

Aitken, S.N., Yeaman, S., Holliday, J.A., Wang, T., and Curtis-McLane, S. 2008.
Adaptation, migration or extirpation: climate change outcomes for tree populations.
Evolutionary Applications 1: 95-111.

Anderson, M.D., Ruess, R.W., Uliassi, D.D., and Mitchell, J.S. 2004. Estimating N,
fixation in two species of Alnus in interior Alaska using acetylene reductionand *°N,
uptake. Ecoscience 11:102-112.

Aspelmeier, S., and Leuschner, C. 2004. Genotypic variation in drought response of
silver birch (Betula pendula): leafwater status and carbon gain. Tree Physiology 24:517-
528.

Batzli, J.M. and Dawson, J.O. 1999. Development of flood-induced lenticels in red alder
nodules prior to the restoration of nitrogenase activity. Can. J. Bot. 77:1373-1377.

Batzli, J.M. and Dawson, J.O. 1999. Development of flood-induced lenticels in red alder
nodules prior to the restoration of nitrogenase activity. Can. J. Bot. 77:1373-1377.

Beaubien, E., and Hamann, A. 2011. Spring flowering response to climate change
between 1936 and 2006 in Alberta, Canada. BioScience 61:514-524.

Bender, M. M. 1968. Mass spectrometric studies of carbon 13 variations in corn and
other grasses. Radiocarbon 10: 468-472.

Benowicz, A., EI-Kassaby, Y.A., Guy, R.D., and Ying, Ch.C. 2000a. Sitka Alder (Alnus
sinuata Rydb.) genetic diversity in germination, frost hardiness and growth attributes.
Silvae Genetica 49: 206-212.

Benowicz, A., Guy, R.D., and EIl-Kassaby, Y.A. 2000b. Geographic pattern of genetic
variation in photosynthetic capacity and growth in two hardwood species from British
Columbia. Oecologia 123:168-174.

Berry, A.M., and Sunell, L.A. 1990. The Infection Process and Nodule Development. In
“The Biology of Frankia and Actinorhizal Plants” (Schwintzer, C.R. and Tjepkema, J.D.
eds) pp.61-81. Academic Press, Inc. San Diego, California.

Bigras, F.J., Gonzalez, A., D’Aoust, and Hebert, C. 1996. Frost hardiness, bud phenology
and growth of containerized Picea mariana seedlings grown at three nitrogen levels and
three temperature regimes. New Forests 12: 243-259.



75

Binkley, D. 1983. Ecosystem production in Douglas-fir plantations: interaction of red
alder and site fertility. Forest Ecology and Management: 5: 215-227.

Binkley, D. 1984. Douglas-fir stem growth per unit of leafarea increased by interplanted
Sitka alder and red alder. Forest Sci. 30: 259-263.

Borghetti, M., Cocco, S., Lambardi, M., and Raddi, S. 1989. Response to water stress of
Italian alder seedlings from diverse geographic origins. Can. J. For. Res. 19:1071-1076.

Bormann, B.T. and Gordon, J.C. 1984. Stand density effects in young red alder
plantations: productivity, photosynthate partitioning, and nitrogen fixation. Ecology
65(2): 394-402.

Bousquet, J., Girouard, E., Strobeck, C., Dancik, B.P., and Lalonde, M. 1989. Restriction
fragment polymorphisms in the rDNA region among seven species of Alnus and Betula
papyrifera. Plant and Soil 118: 231-240.

British Columbia Ministry of Forests and British Columbia Ministry of Environment.
1998. Field Manual for Describing Terrestrial Ecosystems: 3. Vegetation. Land
Management Handbook 25. BC Ministry of Environment, Parks, and Land, and BC
Ministry of Forests, Victoria, BC, Canada.

Burns, R.M. and Honkala, B.H. 1990. Silvics of North America: 2. Hardwoods.
Agriculture Handbook 654. U.S. Department of Agriculture, Forest Service, Washington
DC, USA. 116-123.

Burris, R.H. 1991. Nitrogenases. The Journal of Biological Chemistry 266: 9339-9342.

Busse, M.D. 2000. Suitability and use of the *°*N-isotope dilution method to estimate
nitrogen fixation by actinorhizal shrubs. Forest Ecology and Management 136: 85-95.

Cannell, M.G.R., Murray, M.B., and Sheppard, L.J. 1987. Frost hardiness of red alder
(Alnus rubra) provenances in Britain. Forestry 60:57-67.

Carpenter, C.V., and Robertson, L.R. 1984. The effect of four new Frankia isolates on
growth and nitrogenase activity in clones of Alnus rubra and Alnus sinuata. Can. J. For.
Res. 14:701-706.

Close, T.J. 1997. Dehydrins: a commonality in the response of plants to dehydration and
low temperature. Physiol. Plantarum 100: 291-296.

Close, D.C., Davidson, N.J., and Swanborough, P.W. 2011. Fire history and understorey
vegetation: water and nutrient relations of Eucalyptus gomphocephala and E.
delegatensis overstorey trees. Forest Ecology and Management 262: 208-214.



76

Coté, B., Vogel, C., and Dawson, J.0. 1989. Autumnal changes in tissue nitrogen of
autumn olive, black alder and eastern cottonwood. Plant and Soil 118:23-32.

Dalen, L.S., and Johnsen, O. 2004. CO2 enrichment, nitrogen fertilization and
development of freezing tolerance in Norway spruce. Trees 18(1): 10-18.

Dang, Q.L., Xie, C.Y., Ying, C., and Guy, R.D.1994. Genetic variation of
ecophysiological traits in red alder (Alnus rubra Bong.). Can. J. For. Res. 24:2150-2156.

Danso, S.K.A. 1995. Assessment of biological nitrogen fixation. Fertilizer Research 42:
33-41.

Deans, J.D., Billington, H.L., and Harvey, F.J. 1992. Winter frost hardiness of two
Chilean provenances of Nothofagus procera in Scotland. Forestry 65: 205-212.

Ekblad, A., Lundquist, P.-O., Sjostrom, M., and Huss-Danell, K. 1994. Day-to-day
variation in nitrogenase activity of Alnus incana explained by weather variables: a
multivariate time series analysis. Plant, Cell and Environment 17: 319-325.

Ewers, B.E., Mackay, D.S., and Samanta, S. 2007. Interannual consistency in canopy
stomatal conductance control of leaf water potential across seven tree species. Tree
Physiology 27: 11-24

Farquhar, G.D., O’Leary, M.H., and Berry, J.A. 1982. On the relationship between
carbon isotope discrimination and the intercellular carbon dioxide concentration in
leaves. Aust. J. Plant Physiol. 9: 121-137.

Farquhar, G.D., Ehleringer, J.R., and Hubick, K.T. 1989. Carbon isotope discrimination
and photosynthesis. Annu. Rev. Plant Physiol. Plant Mol Biol. 40:503-537.

Farrar, J.L. 1995. Trees In Canada. Fitzhenry & Whiteside, Markham Ontario; Canadian
Forest Service, Ottawa, Ontario. 298-299

Flint, H.L., Boyce, B.R., and Beattie, D.J. 1967. Index of injury — a useful expression of
freezing injury to plant tissues as determined by the electrolytic method. Canadian
Journal of Plant Science 47: 229-230.

Friedman, J.M., Roelle, J.E., Gaskin, J.F., Pepper, A.E., and Manhart, J.R. 2008.
Latitudinal variation in cold hardiness in introduced Tamarix and native Populus.
Evolutionary Applications 1: 598-607.

Giordano, P.A., and Hibbs, D.E. 1993. Morphological response to competition in red
alder: the role of water. Functional Ecology 7: 462-468.



77

Haeussler, S., Tappeiner, J.C., and Greber, B.J. 1995. Germination, survival and early
growth of red alder seedlings in the central Coast Range of Oregon. Can. J. For. Res. 25:
1639-1651.

Hamann, A., EI-Kassaby, Y.A., Koshy, M.P., and Namkoong, G. 1998. Multivariate
analysis of allozymic and quantitative trait variation in Alnus rubra: geographic patterns
and evolutionary implications. Can. J. For. Res. 28: 1557-1565.

Hamann, A., Koshy, M.P., Namkoong, G., and Ying, C.C. 2000. Genotype X
environment interactions in Alnus rubra: developing seed zones and seed-transfer
guidelines with spatial statistics and GIS. Forest Ecology and Management 136: 107-119.

Hamann, A., and Wang, T. 2006. Potential effects of climate change on ecosystemand
tree species distribution in British Columbia. Ecology 87:2773-2786.

Hamann, A., Gylander, T., and Chen, P. 2011. Developing seed zones and transfer
guidelines with multivariate regression trees. Tree Genetics & Genomes 7: 399-408.

Hannerz, M., Aitken, S.N., King, J.N., Budge, S. 1999. Effects of genetic selection for
growth on hardiness in western hemlock. Can. J. For. Res. 29: 509-516.

Hardy, R.W.F., Holsten, R.D., Jackson, E.K., and Burns, R.C. 1968. The acetylene-
ethylene assay for N, fixation: laboratory and field evaluation. Plant Physiology 43:
1185-1207.

Hawkins, B.J., and McDonald, S. 1994. The influences of temperatures and soil water on
growth, photosynthesis, and nitrogen fixation of red alder (Alnus rubra) seedlings. Can. J.
For. Res. 24:1029-1032.

Hawkins, B.J., and Stoehr, M. 2009. Growth, phenology, and cold hardiness of 32
Douglas-fir full-sib families. Canadian Journal of Forest Research 39(10): 1821-1834.

Helgerson, O.T., Gordon, J.C., and Perry, D.A. 1984. N, fixation by red alder (Alnus
rubra) and scotch broom (Cytisus scoparius) planted under precommercially thinned
Douglas-fir (Psudotsuga menziesii). Plant and Soil 78: 221-233.

Hennessey, T.C., Vishniac, H.S., Lorenzi, E.M., and Williams, J.C. 1989. Dinitrogen
fixation in a water-stressed Alnus clone is limited by host xerotolerance. Plant and Soil
118: 89-96.

Hibbs, D.E., Chan, S.S., Castellano, M., and Niu, C. 1995. Response of red alder
seedlings to CO; enrichment and water stress. New Phytol. 129: 569-577.

Hibbs, D.E. and Cromack, K. 1990. Actinorhizal Plants in Pacific Northwest Forests. In
“The Biology of Frankia and Actinorhizal Plants” (Schwintzer, C.R. and Tjepkema, J.D.
eds) pp.343-363. Academic Press, Inc. San Diego, California.



78

Hogberg, P., Hogberg, M.N., Quist, M., Ekblad, A., N&sholm, T. 1999. Nitrogen isotope
fractionation during nitrogen uptake by ectomycorrhizal and non-mycorrhizal Pinus
sylvestris. New Phytol. 142:569-576.

Hook, D.D., Murray, M.D., DeBell, D.S., and Wilson, B.C. 1987. Variation in growth of
red alder families in relation to shallow water table levels. Forest Sci. 33(1): 224-229.

Huss-Danell, K. 1997. Actinorhizal symbioses and their N fixation. New Phytol. 136:
375-405.

Jensen, J.S., and Deans, J.D. 2004. Late autumn frost resistance of twelve north European
provenances of Quercus species. Scand. J. For. Res. 19: 390-399.

Jensen, J.S., and Hansen, J.K. 2008. Geographical variation in phenology of Quercus
petraea (Matt.) Liebl and Quercus robur L. oak grown in a greenhouse. Scandinavian
Journal of Forest Research 23: 179-188.

Korner, C. 1989. The nutritional status of plants from high altitudes. A worldwide
comparison. Oecologia 81:379-391.

Kumar, B.N.A., Azam-Ali, S.N., Snape, JW., Weightman, R.M., and Foulkes, M.J.
2011. Relationships between carbon isotope discrimination and grain yield in winter

wheat under well-watered and drought conditions. Journal of Agricultural Science 149:
257-272.

Lambers, H., Chapin, F.S., and Pons, T.L. 1998. Plant Physiological Ecology. Springer-
Verlag Inc. New York, USA. 54.

Lee, Y.Y., and Son, Y. 2005. Diurnal and seasonal patterns of nitrogen fixation in an
Alnus hirsuta plantation of central Korea. Journal of Plant Biology 48: 332-337.

Li, C., Puhakainen, T., Welling, A., Vihera-Aarnio, A., Ernstsen, A., Junttila, O., Heino,
P., and Palva, E.T. 2002. Cold acclimation in silver birch (Betula pendula). Development
of freezing tolerance in different tissues and climatic ecotypes. Physiologia Plantarum
116:478-488.

Li, C., Junttila, O., Ernstsen, A., Heino, P., and Palva, E.T. 2003. Photoperiodic control
of growth, cold acclimation and dormancy development in silver birch (Betula pendula)
ecotypes. Physiologia Plantarum 117: 206-212.

Markham, J.H. 2008a. Population size effects on germination, growth and symbiotic
nitrogen fixation in an actinorhizal plant at the edge of its range. Botany 86: 398-407.

Markham, J.H. 2008b. Variability of nitrogen-fixing Frankia on Alnus species. Botany
86:501-510.



79

McKenney, D., Pedlar, J., O’Neill, G. 2009. Climate change and forest seed zones: Past
trends, future prospects and challenges to ponder. The Forestry Chronicle 85:258-266.

Minchin, F.R., Witty, J.F., Sheehy, J.E., and Miller, M. 1983. A major error in the
acetylene reduction assay: decreases in nodular nitrogenase activity under assay
conditions. Journal of Experimental Botany 142:641-649.

Minchin, F.R., Sheehy, J.E., and Witty, J.F. 1986. Further errors in the acetylene
reduction assay: effects of plant disturbance. Journal of Experimental Botany 37: 1581-
1591.

Murray, M.B., Cannell, M.G.R., and Smith, R.1. 1989. Date of budburst of fifteen tree
species in Britain following climatic warming. Journal of Applied Ecology 26: 693-700.

Pearcy, R.W., Ehleringer, J.R., Mooney, H.A., and Rundel, P.W. 1989. Plant
Physiological Ecology. Chapmanand Hall Ltd. New York, USA. 281-300.

Pérez, T., Garcia-Montiel, D., Trumbore, S., Tyler, S., De Camargo, P., Moreira, M.,
Piccolo, M., and Cerri, C. 2006. Nitrous oxide nitrification and denitrification 1°N
enrichment factors from Amazon forest soils. Ecological Applications 16: 2153-2167.

Pezeshki, S.R., and Hinckley, T.M. 1982. The stomatal response of red alder and black
cottonwood to changing water status. Can J. For. Res. 12:761-771.

Pezeshki, S.R., and Hinckley, T.M. 1988. Water relations characteristics of Alnus rubra
and Populus trichocarpa: responses to field drought. Can. J. For. Res. 18:1159-1166.

Rhoades, C., Oskarsson, H., Binkley, D., and Stottlemyer, B. 2001. Alder (Alnus crispa)
effects on soils in ecosystems of the Agashashok River valley, northwest Alaska.
Ecoscience 8:89-95.

Rosendahl, L., and Huss-Danell, K. 1988. Effects of elevated oxygen tensions on
acetylene reduction in Alnus incana-Frankia symbioses. Physiologia Plantarum 74: 89-
94,

Schrader, J.A., Gardner, S.J., Graves, W.R. 2005. Resistance to water stress of Alnus
maritima: intraspecific variation and comparisons to other alders. Environmental and
Experimental Botany 53: 281-298.

Schwintzer, C.R., and Tjepkema, J.D. 1994, Factors affecting the acetylene to *°N,
conversion ratio inroot nodules of Myrica gale L. Plant Physiol. 106: 1041-1047.

Seiler, J.R., and Johnson, J.D. 1984. Growth and acetylene reduction of black alder
seedlings in response to water stress. Can. J. For. Res. 14:477-480.



80

Seiler, J.R. 1985. Morphological and physiological changes in black alder induced by
water stress. Plant, Cell and Environment 8: 219-222.

Shearer, G., and Kohl, D.H. 1986. N2 fixation in field settings: Estimations based on
natural 15N abundance. Aust. J. Plant Physiol. 13:699-756.

Shipton, W.A., and Burggraaf, J.P. 1982. Frankia growth and activity as influenced by
water potential. Plant and Soil 69: 293-297.

Siddiqua, M., and Nassuth, A. 2011. Vitis CBF1 and Vitis CBF4 differ in their effect on
Arabidopsis abiotic stress tolerance, development and gene expression. Plant, Cell and
Environment 34: 1345-1359.

Silvester, W.B., Silvester, J.K., and Torrey, J.G. 1988. Adaptation of nitrogenase to
varying oxygen tension and the role of the vesicle in root nodules of Alnus incana ssp.
rugosa. Can. J. Bot. 66:1772-1779.

Soltis, D.E., Soltis, P.S., Morgan, D.R., Swensen, S.M., Mullin, B.C., Dowd, J.M., and
Martin, P.G. 1995. Chloroplast gene sequence data suggest a single origin of the
predisposition for symbiotic nitrogen fixation in angiosperms. Proc. Nat. Acad. Sci, USA.
92:2647-2651.

Son, Y., Lee, Y.Y., Lee, C.Y,, and Yi, M.J. 2007. Nitrogen fixation, soil nitrogen
availability and biomass in pure and mixed plantations ofalder and pine in central Korea.
Journal of Plant Nutrition 30: 1841-1853.

Sun, ZJ., Livingston, N.J., Guy, R.D., and Ethier, G.J. 1996. Stable carbon isotopes as
indicators of increased water use efficiency and productivity in white spruce (Picea
glauca (Moench) Voss) seedlings. Plant, Cell and Environment 19: 887-894.

Sundstrom, K.R., and Huss-Danell, K. 1987. Effects of water stress on nitrogenase
activity in Alnus incana. Physiologia Plantarum 70: 342-348.

Sundstrom, K.R., and Huss-Danell, K. 1995. Long-term drought stress alters nitrogenase
activity and carbon translocation in split-root cultutred Alnus incana. Physiologia
Plantarum 94:181-186.

Taiz, L., and Zeiger, E. 2010. Plant Physiology, Fifth Edition. Sinauer Associates, Inc.
Summerland, MA, USA.

Taulavuori, K.M.J., Taulavuori, E.B., Skre, O., Nilsen, J., Igeland, B., Laine, K.M. 2004.
Dehardening of mountain birch (Betula pubescens ssp. czerepanovii) ecotypes at elevated
winter temperatures. New Phytologist 162:427-436.

Tjepkema, J.D., and Asa, D.J. 1987. Total and CO-reactive heme content of actinorhizal
nodules and the roots of some non-nodulated plants. Plant and Soil 100: 225-236.



81

Tjepkema, J.D., Schwintzer, C.R., and Monz, C.A. 1988. Time course of acetylene
reduction in nodules of five actinorhizal genera. Plant Physiol. 86: 581-583.

Tjepkema, J.D., and Winship, L.J. 1980. Energy requirement for nitrogen fixation in
actinorhizal and legume root nodules. Science 209: 279-281.

Tremblay, M. and Lalonde, M. 1987. Effect of photoperiod and temperature on the
development of frost hardiness in three Alnus species. Physiol. Plantarum 70: 327-331.

Tripp, L.N., Bezdicek, D.F., and Heilman, P.E. 1979. Seasonal and diurnal patterns and
rates of nitrogen fixation by young red alder. Forest Sci. 25:371-380.

Valle-Diaz, O., Blanco-Garcia, A., Bonfil, C., Paz, H., Lindig-Cisneros, R. 2009.
Altitudinal range shift detected through seedling survival of Ceiba aesculifolia inan area
under the influence of an urban heat island. Forest Ecology and Management 258: 1511-
1515.

Vessey, K.1994. Measurement of nitrogenase activity in legume root nodules: In defense
of the acetylene reduction assay. Plant and Soil 158: 151-162.

Vitasse, Y., Delzon, S., Bresson, C.C., Michalet, R., and Kremer, A. 2009. Altitudinal
differentiation in growth and phenology among populations of a temperate-zone tree
species growing ina common garden. Can. J. For. Res. 39:1259-1269.

Vyse, A., and Simard, S.W. 2009. Broadleaves in the interior of British Columia: Their
extent, use, management and prospects for investment in genetic conservation and
improvement. The Forestry Chronicle 85:528-537.

Wang, J., Sun, P-P., Chen, C-L., Wang, Y., Fu, X-Z., and Liu, J-H. 2011. Anarginine
decarboxylase gene PtADC from Poncirus trifolata confers abiotic stress tolerance and
promotes primary root growth in Arabidopsis. Journal of Experimental Botany 62: 2899-
2914.

Weih, M., and Karlsson, P.S. 1999. Growth response of altitudinal ecotypes of mountain
birch to temperature and fertilization. Oecologia 119: 16-23.

Weng, Y.H., and Parker, W.H. 2008. Adaptive variation in fall cold hardiness of aspen
from northwestern Ontario. Tree Physiology 28: 143-150.

Wheeler, C.T., Cameron, E.M., and Gordon, J.C. 1978. Effects of handling and surgical
treatments on nitrogenase activity in root nodules of Alnus glutinosa, with special
reference to the application of indole-acetic acid. New Phytol. 80: 175-178.



82

Winship, L.J., and Tjepkema, J.D. 1982. Simultaneous measurement of acetylene
reduction and respiratory gas exchange of attached root nodules. Plant Physiol. 70: 361-
365.

Winship, L.J., and Tjepkema, J.D. 1985. Nitrogen fixation and respiration by root
nodules of Alnus rubra Bong.: Effects of temperature and oxygen concentration. Plant
and Soil 87:91-107.

Woods, J., Williams, A., Hughes, J.K., Black, M., and Murphy, R. 2010. Energy and the
food system. Phil. Trans. R. Soc. B. 365: 2991-3006.

Xie, C.-Y., ElFKassaby, Y.A,, and Ying, C.C. 2002. Genetics of red alder (Alnus rubra
Bong.) populations in British Columbia and its implications for gene resources
management. New Forests 24: 97-112.

Xie, C.-Y. 2008. Ten-year results from red alder (Alnus rubra Bong.) provenance-
progeny testing and their implications for genetic improvement. New Forests 36: 273-
284.



83

Appendix A: ANOVA Tables

Summary of results from outputs of Proc MIXED analyses (REML estimation method).
Covariance parameter estimates for random effects (Estimate), Z value for random effects
or F value for fixed effects (Family, Region or Temperature) (Z or F), and significance of
covariance parameter estimate tests (Pr Z) or tests of fixed effects (p > F)

Table 7: Proc MIXED analysis of family differences in height at Bowser

Estimate ZorF PrZorp>F
Family 1.77 0.0206
Block 1.4332 0.69 0.2454
Family*Block 1.5019 3.86 <0.0001
Residual 1.7450 12.15 <0.0001

Table 8: Proc MIXED analysis for regional differences in height at Bowser

Estimate ZorF PrZorp>F
Region 11.53 0.0090
Block 1.4743 0.70 0.2434
Family*Block 0.02072 0.29 0.3876
Residual 3.5336 13.97 <0.0001

Table 9: Proc MIXED analysis for family differences in height at Terrace

Estimate ZorF PrZorp>F
Family 3.89 <0.0001
Residual 2.028 8.54 <0.0001

Table 10: Proc MIXED analysis for regional differences in height at Terrace

Estimate ZorF PrZorp>F
Region 12.36 <0.0001
Block 0 : :
Family*Block 214463 9.85 <0.0001
Residual 2.7903 9.85 <0.0001

Table 11: Proc MIXED analysis for family differences in DBH at Bowser

Estimate ZorF PrZorp>F
Family 2.53 0.0003
Block 0.1504 0.56 0.2881
Family*Block 0.5011 1.18 0.1186

Residual 6.1103 12.55 <0.0001
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Table 12: Proc MIXED analysis for regional differences in DBH at Bowser

Estimate ZorF PrZorp>F
Region 15.00 0.0082
Block 0.2146 0.61 0.2709
Family*Block 0 : :
Residual 7.3265 0.5080 14.42

Table 13: Proc MIXED analysis for family differences in DBH at Terrace

Estimate ZorF PrZorp>F
Family 1.74 0.0086
Block 0.1844 0.70 0.2423
Family*Block 1.8571 3.04 0.0012
Residual 7.92898 14.27 <0.0001

Table 14: Proc MIXED analysis for regional differences in DBH at Terrace

Estimate ZorF PrZorp>F
Region 10.07 0.0150
Block 0.1795 0.65 0.2567
Family*Block 0.2308 0.87 0.1924
Residual 10.0540 16.43 <0.0001

Table 15: Proc MIXED analysis for family differences in bud burst at Bowser in March
2010

Estimate ZorF PrZorp>F
Family 1.48 0.0707
Block 2.29e™ 0.26 0.3957
Family*Block 5.230e™ 1.24 0.1072
Residual 0.0604 12.79 <0.0001

Table 16: Proc MIXED analysis for regional differences in bud burst at Bowser in March
2010

Estimate ZorF PrZorp>F
Region 5.46 0.0430
Block 2.36e™ 0.31 0.3798
Family*Block 1.4e7 0.01 0.4952

Residual 0.0673 14.65 <0.0001
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Table 17: Proc MIXED analysis for family differences in bud burst at Bowser in April
2010

Estimate ZorF PrZorp>F
Family 3.52 <0.0001
Block 4.48¢™ 0.44 0.3297
Family*Block 2.037¢ 0.74 0.2309
Residual 0.0492 12.94 <0.0001

Table 18: Proc MIXED analysis for regional differences in bud burst at Bowser in April
2010

Estimate ZorF PrZorp>F
Region 8.01 0.0197
Block 5.83¢™ 0.47 0.3203
Family*Block 0 : :
Residual 0.0652 14.68 <0.0001

Table 19: Proc MIXED analysis for family differences inbud burst at Terrace in April
2010

Estimate ZorF PrZorp>F
Family 1.46 0.0518
Block 3.12e-4 0.48 0.3153
Family*Block 5.046e-3 2.14 0.0163
Residual 0.03732 14,12 <0.0001

Table 20: Proc MIXED analysis for regional differences in bud burst at Terrace in April
2010

Estimate Z PrZorp>F
Region 5.50 0.0109
Block 1.10e* 0.29 0.3852
Family*Block 8.4e” 0.11 0.4576
Residual 0.0433 16.15 <0.0001

Table 21: Proc MIXED analysis for family differences in bud burst at Bowser in April
2011

Estimate ZorF PrZorp>F
Family 1.91 0.0078
Block 0 : :
Family*Block 5.111e-3 1.25 0.1061

Residual 0.06498 12.83 <0.0001
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Table 22: Proc MIXED analysis for regional differences in bud burst at Bowser in April

2011

PrZorp>F

Region

Block
Family*Block
Residual

0.1513
0.4925
0.2999
<0.0001

Table 23: Proc MIXED analysis for family differences in canopy cover at Bowser in

September 2010

PrZorp>F

Family

Block
Family*Block
Residual

0.0023
0.3694
0.0014
<0.0001

Table 24: Proc MIXED analysis for regional differences in canopy cover at Bowser in

September 2010

PrZorp>F

Region

Block
Family*Block
Residual

0.0290
0.3851
0.3044
<0.0001

Table 25: Proc MIXED analysis for family differences in canopy cover at Terrace in

October 2010

PrZorp>F

Family

Block
Family*Block
Residual

<0.0001
0.3173
0.1385
<0.0001

Table 26: Proc MIXED analysis for regional differences in canopy cover at Terrace in

October 2010

PrZorp>F

Region

Block
Family*Block
Residual

<0.0001
0.3020

<0.0001
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Table 27: Proc MIXED analysis for family differences in canopy cover at Bowser in
November 2010

Estimate ZorF PrZorp>F
Family 4.53 <0.0001
Block 2.038 0.51 0.3065
Family*Block 11.07 1.28 0.0998
Residual 130.41 12.79 <0.0001

Table 28: Proc MIXED analysis for regional differences in canopy cover at Bowser in
November 2010

Estimate ZorF PrZorp>F
Region 10.77 0.0104
Block 0.7903 0.33 0.3721
Family*Block 0 : :
Residual 200.97 14.68 <0.0001

Table 29: Proc MIXED analysis for family differences in 5*°C at Bowser

Estimate ZorF PrZorp>F
1.34 0.1583
Block 0.2947 0.66 0.2559
Family*Block 0.4409 1.85 0.0319
Residual 1.1871 6.77 <0.0001

Table 30: Proc MIXED analysis for regional differences in '°C at Bowser

Estimate ZorF PrZorp>F
1.89 0.2506
Block 0.2278 0.64 0.2606
Family*Block 0.01659 0.18 0.4276
Residual 1.7503 9.35 <0.0001

Table 31: Proc MIXED analysis for family differences in 3*°C at Terrace

Estimate ZorF PrZorp>F
1.27 0.2029
Block 2.3651 0.70 0.2417
Family*Block 0.1934 0.78 0.2179

Residual 1.6311 6.84 <0.0001
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Table 32: Proc MIXED analysis for regional differences in 5*°C at Terrace

Estimate ZorF PrZorp>F
2.10 0.2175
Block 2.3701 0.70 0.2417
Family*Block 5.421e™ 0.07 0.4720
Residual 1.8989 9.57 <0.0001

Table 33: Proc MIXED analysis for family differences in index of injury at Bowser in

September 2010

Estimate ZorF PrZorp>F
Family 1.80 0.0219
Temperature 1308.75 0.0008
Family* Temperature 0.97 0.5684
Block 0.4507 0.18 0.4268
Family*Block 45.7789 3.58 0.0002
Block*Temperature 0 : :
Residual 100.01 14.05 <0.0001

Table 34: Proc MIXED analysis for regional differences in index of injury at Bowser in

September 2010

Estimate ZorF PrZorp>F
Region 4.38 0.0655
Temperature 795.60 0.0013
Family* Temperature 1.62 0.0983
Block 0 . :
Family*Block 9.829 1.28 0.1005
Block* Temperature 0 : :
Residual 142.99 16.88 <0.0001

Table 35: Proc MIXED analysis for family differences in index of injury at Terrace in

October 2010
Estimate ZorF PrZorp>F

Family 1.93 0.0119
Temperature 77.64 0.0127
Family* Temperature 1.06 0.3366
Block 47411 0.50 0.3097
Family*Block 31.3947 3.56 0.0002
Block* Temperature  3.2171 0.82 0.2074
Residual 71.5500 14.00 <0.0001
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Table 36: Proc MIXED analysis for regional differences in index of injury at Terrace in

October 2010
Estimate ZorF PrZorp>F

Region 5.43 0.0434
Temperature 71.83 0.0137
Family* Temperature 2.45 0.0072
Block 2.2924 0.34 0.3685
Family*Block 5.9827 1.23 0.1093
Block*Temperature  3.0149 0.75 0.2274
Residual 100.75 16.86 <0.0001

Table 37: Proc MIXED analysis for family differences in index of injury at Bowser in

December 2010

Estimate ZorF PrZorp>F
Family 2.52 0.0008
Temperature 820.27 0.0012
Family* Temperature 1.04 0.3840
Block 0.3614 0.50 0.3092
Family*Block 3.8582 2.53 0.0057
Block* Temperature 0 : :
Residual 20.0511 14.07 <0.0001

Table 38: Proc MIXED analysis for regional differences in index of injury at Bowser in

December 2010

Estimate ZorF PrZorp>F
Region 6.87 0.0271
Temperature 576.57 0.0017
Family* Temperature 2.87 0.0016
Block 0.3763 0.49 0.3120
Family*Block 0.3985 0.65 0.2565
Block*Temperature 0 : :
Residual 26.2834 17.02 <0.0001

Table 39: Proc MIXED analysis for family differences in index of injury at Bowser in

January 2011

Estimate ZorF PrZorp>F
Family 1.99 0.0092
Temperature 136.59 0.0073
Family* Temperature 0.27 1.000
Block 0.8216 0.32 0.3738
Family*Block 30.0753 3.03 0.0012
Block* Temperature 0 : :
Residual 108.24 14.06 <0.0001
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Table 40: Proc MIXED analysis for regional differences in index of injury at Bowser in

January 2011

Estimate ZorF PrZorp>F
Region 5.78 0.0384
Temperature 96.02 0.0103
Family* Temperature 0.72 0.7082
Block 0.1381 0.08 0.4693
Family*Block 3.1898 0.95 0.1722
Block* Temperature 0 : :
Residual 133.29 16.91 <0.0001

Table 41: Proc MIXED analysis for family differences in index of injury at Bowser in

March 2011
Estimate ZorF PrZorp>F

Family 1.84 0.0184
Temperature 635.87 0.0252
Family* Temperature 1.07 0.3609
Block 3.2169 0.49 0.3118
Family*Block 34.5226 341 0.0003
Block* Temperature  0.7569 0.37 0.3544
Residual 85.6709 14.79 <0.0001

Table 42: Proc MIXED analysis for regional differences in index of injury at Bowser in

March 2011
Estimate ZorF PrZorp>F

Region 9.99 0.0123
Temperature 715.49 0.0238
Family* Temperature 411 0.0011
Block 3.0840 0.50 0.3068
Family*Block 3.7284 0.79 0.2148
Block* Temperature  0.1850 0.12 0.4528
Residual 117.98 16.82 <0.0001

Table 43: Proc MIXED analysis for family differences in 5*°N at Bowser

Estimate ZorF PrZorp>F
Family 0.93 0.5935
Block 0.5647 0.70 0.2423
Family*Block 0.0635 0.84 0.1999
Residual 0.4583 6.67 <0.0001




Table 44: Proc MIXED analysis for regional differences in 8'°N at Bowser
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Estimate ZorF PrZorp>F
Region 1.26 0.4030
Block 0.6043 0.70 0.2416
Family*Block 0 : :
Residual 0.5050 9.49 <0.0001

Table 45: Proc MIXED analysis for family differences in 3*°N at Terrace

Estimate ZorF PrZorp>F
Family 1.60 0.0510
Block 0 : :
Family*Block 7.41e3 . 0.4656
Residual 0.6806 6.96 <0.0001

Table 46: Proc MIXED analysis for regional differences in 5*°N at Terrace

Estimate ZorF PrZorp>F
Region 2.50 0.1689
Block 0 : :
Family*Block 0 : :
Residual 0.7643 9.72 <0.0001

Table 47: Proc MIXED analysis for family differences in acetylene reduced per metre at

Bowser

Estimate ZorF PrZorp>F
Family 1.30 0.1809
Block 0 : :
Family*Block 0 : :
Residual 0.0249 8.72 <0.0001

Table 48: Proc MIXED analysis for regional differences in acetylene reduced per metre

at Bowser

Estimate ZorF PrZorp>F
Region 1.91 0.2476
Block 0 : :
Family*Block 0

Residual 0.02547 10.61 <0.0001
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Table 49: Proc MIXED analysis for family differences in acetylene reduced per metre at
Terrace

Estimate ZorF PrZorp>F
Family 1.24 0.2242
Block 0 : :
Family*Block 0 : :
Residual 8.49¢"° 8.51 <0.0001

Table 50: Proc MIXED analysis for regional differences in acetylene reduced per metre
at Terrace

Estimate ZorF PrZorp>F
Region 0.45 0.7987
Block 0
Family*Block 0 : :
Residual 9.20e 9.72 <0.0001

Table 51: Proc MIXED analysis for family differences in acetylene reduced per gram
nodule tissue at Bowser

Estimate ZorF PrZorp>F
Family 0.85 0.7223
Block 0 : :
Family*Block 0.0504 0.14 0.4436
Residual 2.8597 7.14 <0.0001

Table 52: Proc MIXED analysis for regional differences in acetylene reduced per gram
nodule tissue at Bowser

Estimate ZorF PrZorp>F
Region 0.43 0.8131
Block 0.0242 0.36 0.3585
Family*Block 0 : :
Residual 2.6789 10.61 <0.0001

Table 53: Proc MIXED analysis for family differences in acetylene reduced per gram
nodule tissue at Terrace

Estimate ZorF PrZorp>F
Family 0.99 0.5193
Block 0 : :
Family*Block 0

Residual 1.5576 8.51 <0.0001
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Table 54: Proc MIXED analysis for regional differences in acetylene reduced per gram
nodule tissue at Terrace

Estimate ZorF PrZorp>F
Region 0.83 0.5762
Block 0 : :
Family*Block 0.0330 0.34 0.3679
Residual 1.5322 9.47 <0.0001

Table 55: Proc MIXED analysis for family differences in percent nitrogen in bud tissues

at Bowser

Estimate ZorF PrZorp>F
Family 1.53 0.0727
Block 0
Family*Block 0
Residual 3.164¢™®

Table 56: Proc MIXED analysis for regional differences in percent nitrogen in bud

tissues at Bowser

Estimate ZorF PrZorp>F
Region 4.99 0.0512
Block 0
Family*Block 0
Residual 3.26e°

Table 57: Proc MIXED analysis for family differences in percent nitrogen in bud tissues

at Terrace

Estimate ZorF PrZorp>F
Family 1.64 0.0433
Block 1.971e”’
Family*Block 1.478e®
Residual 3.386e™°

Table 58: Proc MIXED analysis for regional differences in percent nitrogen in bud

tissues at Terrace

Estimate ZorF PrZorp>F
Region 5.69 0.0397
Block 1.947¢”"
Family*Block 0
Residual 5.226e™°
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Appendix B: Correlation Table

Table 59: Correlation table showing Pearson correlation coefficients for geographic origin and
physiological data. Correlations with p—values from 0.025-0.05 are indicated with a smgke asterisk (),
from 0.0001-0.025 are indicated by two ("), and under 0.0001 are indicated by three (" ). Variable
abbreviations: latitude (Lat), longitude (Long), elevation (Elev), mean family height at Bowser (hBW)
and at Terrace (hTR), mean family diameter at breast height at Bowser (dbhBW) and at Terrace
(dbhTR), mean family acetylene reduced per cubic metre of soil at Bowser (ARA/mBW) and Terrace
(ARA/MTR), mean family acetylene reduced per gram of nodule tissue at Bowser (ARA/gBW) and
Terrace (ARA/gTR), mean family total mass of nodules excavated at Bowser (mpBW) and Terrace
(mpTR), mean family indexof injury in September (iiS), October (iiO), December (iiD), January (iiJ),
and March (iiM), mean family bud burst stage at Bowser in March, 2010 (bbM10BW), April, 2010
(bbA10BW), and April, 2011 (bbA11BW), as well as in April, 2010 at Terrace (bbA10TR), mean
family canopy cover at Bowser in September (ccSBW) and November (ccNBW), as well as in October
at Terrace (ccOTR), mean family 8*°C for both sites (53C), for Bowser (5*3CBW) and for Terrace
(5*CTR), mean family 3*°N for both sites (5°N), for Bowser (3*°NBW) and for Terrace (§'°NTR),
and mean family percent nitrogen by mass in bud tissue at Bowser (%NBW) and Terrace (%NTR).

Lat Long Elev hBW hTR dbhBW  dbhTR  ARA/m
BW

Lat - 812"~ -250 -390 220 -377 167 -003
Long - -262 -376°  -143 -54077  -144 -.093
Elev 2 -150 .093 -115 043 4737
hBW - -.004 73877 060 -118
hTR - .003 59177 -.064
dbhBW - 197 -073
dbhTR - -008

ARA/mB -
W

ARA/gB

W

mp BW

ARA/mT

R

ARA/gTR

mpTR
iiS

iio

iD

iJ

iM
bbM10B

W
bbA10BW

bbA11BW
bbA10TR
ccSBW
ccOTR
ccNBW
s8¢
sBcBW
SBCTR



SN
SPNBW
SBNTR
%NBW
%NTR
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ARA/  mpBW  ARA/m ARA/QT mpTR iiS io iD
gBW TR R
Lat -095 052 159 020 .051 671 -380 -390
Long -093  -087 191 217 -066 44577 101 -228
Elev 140 302" -161 .001 -177 129 -169 064
hBW 033 -112 -041 -127 -036 37377 3497 3407
hTR -026  .107 092 =379 350" -3327  -37277  -195
dbhBW 101 -138 -219 -313" -093 332" 178 204
dbhTR 067 .002 -136 -4507° 170 -37477 -201 -.256
ARA/MBW 234 73977082 .069 183 -010 -217 -014
ARA/gBW - -074 113 044 013 015 018 -.066
mp BW - 131 002 252 -127 -258 -100
ARA/MTR - 3887 6907 068 019 051
ARA/gTR - -142 271 3227 023
mpTR : -.086 007 046
iiS - 5277 5307
iio - 289"
iiD -
iiJ
iM
bbM10BW
bbA10BW
bbA11BW
bbA10TR
ccSBW
ccOTR
ccNBW
sBc
§BCBW
§BCTR
BN
S®NBW
S®NTR
%NBW

%NTR



iiJ iiM bbM10  bbA10B bbA11B bbA10T ccSBW  ccOTR
BW W W R

Lat -363° -577 .08l 177 024 361 -171 -223
Long -102  -378"" 075 144 -052 028 -4607" -850
Elev -038 117 016 .055 057 078 -078 .003
hBW 46877 37177 123 202 206 029 172 111
hTR -230 -171 -230 .085 042 383" 3147 4147
dbhBW 238 190 155 a7 257 181 3757 4037
dbhTR -102  -49777  -168 -102 -039 187 303 3337
ARA/MBW  -070  .060 -.047 -010 083 .056 018 093
ARA/gBW 058 023 -173 -036 -020 -064 012 .089
mp BW -216  -039 -147 016 .055 121 141 216
ARA/MTR  -023  -009 220 120 .053 021 -.265 -.059
ARA/gTR  -046  -028 182 -189 -177 -093 =392 377
mpTR 053 067 021 .091 097 .059 .050 227
iiS 293" 5617 088 .067 .053 -.092 115 039
ife} 5267 3497 034 -072 -125 -221 -103 -214
iiD 3160 4477 82 .100 185 -.049 043 -092
iiJ - 47877 211 201 118 -187 -218 -269
iM - 122 297 220 -105 018 011
bbM10BW - 613" 586 333" -316" -231
bbA10BW - 62977 48877 -053 -103
bbA11BW - 3867 -202 -107
bbA10TR - 119 197
ccSBW - 778"
ccOTR -
ccNBW
s8¢
sBCcBW
3BCTR
BN
§®NBW
SNTR
%NBW

%NTR
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38c §BcB  8¥cT  8"N SNB  8°NT  %NB  %NTR
W R W R W
Lat -043  .059 -086  -352° -309 -262 -200 -.105
Long -281  -126  -262 - -35277 - e
469 403 455 467
Elev 162 164 047 157 126 118 .040 173
hBW -296° -259  -188  .041 .006 041 233 113
hTR 209 213 108 -045  -178 076 152 395"
dbhBW -113  -128  -025 227 169 198 36977 376
dbhTR 3377 3407 158 -083  -018  .087 230 216
ARA/mBW 046 .060 -027 107 062 097 .003 .040
ARA/gBW -037  -086  .030 -072 19 -241  -005  -090
mp BW -062  -074  -052 199 -037 292" 040 072
ARA/MTR -138 =245 071 -305°  -200 -283  -310° -203
ARA/gTR -198  -179  -132  -100  .060 -167  -127  -192
mpTR .066 017 094 -268  -204  -234  -148  -078
iS -095  -123  -029 279 288" 186 149 154
io -110 009 -188  -053  .133 -173 088 -146
iD .095 078 041 225 3000 .086 271 .065
iiJ -106  -026  -147  -139 026 -217  -021  -3287
iM -111  -128  -054  .163 .058 158 049 -.088
bbM10BW 025 -129 187 -184  -163  -136  -159  .036
bbA10BW -151  -261 047 -172  -278  -051  -107  .028
bbA11BW .040 -070 168 -252  -186  -208  .024 -002
bbA10TR 061 -118 211 139 043 172 257 445"
ccSBW 184 .091 140 45677 243 45277 385 5797
ccOTR 294" a2 303" 4437 251 43877 4137 54T
ccNBW 137 .086 .089 3657 3200 278 3427 3897
sBc - 73077 7357 159 258 049 342 228
sBcBW - 082 -023 243 -173 258 144
SBCTR - 209 102 208 218 174
*N - 70477 869%7 47477 535
3°NBW - 267 5777 285
SNTR - 244 556
%NBW - 3327

%NTR



