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ABSTRACT

Arvonio, A. 2000. Black spruce (Picea mariana [Mill.] B.S.P.) Boreal
ecosystems: how tree-length and full-tree harvesting affect soil microbial
populations. 106 pp + append. Advisor: N. Luckai

Key Words: microbial biomass, soil organic matter, soil respiration, API 20E,
substrate utilization, chloroform fumigation extraction.

To evaluate the hypothesis that microbial populations are affected by
organic biomass removals, a study was designed to complement ongoing work in a
black spruce (Picea mariana [Mill.] B.S.P.) Boreal ecosystem. The treatments
included a control (uncut) and two harvest levels, tree-length (TL) and full-tree
(FT). Soil samples from the organic and mineral horizons were taken from nine
plots, representing three each of the treatments. Samples were taken once a month
for four consecutive months; May through August during 1998. Soil respiration
on two dates in September was estimated using the soda-lime technique. Bacterial
cultures were prepared from the soil samples and pure strains identified using
morphological and substrate utilization characteristics (specifically API 20E). Soil
descriptors, including pH, total nitrogen, total phosphorus, organic matter content,
and moisture content, were measured to investigate relationships with microbial
biomass. Microbial biomass carbon (MBc) and nitrogen (MBy) were estimated
using chloroform fumigation extraction. The data were statistically analyzed, using
ANOVA, Pearson and Spearman correlations and, in the case of the MB¢ and
MBy, ANCOVA, to determine if there were any treatment or seasonal effects.

Soil respiration demonstrated a significant treatment effect where the efflux was
significantly greater on the control treatment compared to the harvest treatments.
Five bacterial cultures were identified from the soil samples, Chryseomonas
luteola, Aeoromonas salmonicida, Serratia marcescens, Syntrophomonas
multifilia,and Pseudomonas fluorescens. MB¢ and MBy values measured were in
agreement with other published values for boreal coniferous soils. The MBc in the
organic horizon was significantly affected by the interaction of the treatment and
month factors. There was a significant treatment effect on the MBc in the mineral
horizon, with the control mean significantly higher than those of the harvest
treatments. The MByrevealed no significant effects in either the organic or the
mineral horizons. The author concludes that soil moisture and temperature did
affect the values for microbial biomass and that these environmental conditions
were likely impacted by the level of harvest.
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INTRODUCTION

The microbial biomass, defined as the functional component of the micro-biota
primarily responsible for decomposition, organic matter turnover, and nutrient
transformation, is an important component of soil (Haron et al. 1998). Microbial
biomass includes organisms such as bacteria, fungi, actinomycetes, microfauna and algae
(Killham 1994). Acting as both a source and a sink of nutrients in soils, the microbial
biomass, which depends mainly on organic matter for energy, influences the amount of
available nutrients to plants via the mineralization-immobilization process (Gallardo and
Schilesinger 1994). Microorganisms, therefore, play a major role in determining the
relative quality of forest soil within the limitations of climate and topography (Entry ef al.
1986).

Microbial biomass has been used to indicate and predict changes in various
ecosystems caused by natural and anthropogenic disturbances (Weber 1990). Microbial
biomass has been used as an indicator of global warming (Anderson and Joergensen
1997), sustainable development (Cairns and Meganck 1994), and biodiversity (Staddon et
al. 1996). Microbial biomass has served many research applications in forestry. For
example, it has been used in monitoring the effects of: municipal solid waste leachate on
forest soils (Gordon ef al. 1988); xenobiotic substances in soil (Dictor ef al. 1998); fire
(Diaz-Ravina et al. 1992); tillage induced changes (Carter 1986); pesticide application
(Wardle and Parkinson 1990); response to thinning (Thibodeau et al. 2000) and microbial

stress (Anderson and Joergensen 1997).
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In addition, some components of the soil microbial biomass may act as natural
biological control agents (Staddon ef al. 1996). For example, the bacteria Pseudomonas
fluorescens is antagonistic to soil-borne root pathogens that inhabit the soil rhizosphere
(Killham 1994). This bacterial strain restricts a wide range of pathogens including:
Erwinia carotovora, black leg in potatoes; Pythium spp., damping-off fungi; Rhizoctonia
solani, cereal bare patch; and Thielaviopsis basicola, tobacco black root rot (Killham
1994). Continued study of these microorganisms and analysis of the molecular genetics
of these antagonistic responses may lead to new biocontrols for other plant pathogens
through genetic manipulation (Killham 1994).

Since little is known about the diversity of Boreal (northern) forest soil
microorganisms, species loss or modification may deprive the ecosystem of processes,
products, or genetic material provided by undescribed microbes (Staddon ef al. 1996).
Many studies have reported that the microbial biomass is affected by various timber
harvesting treatments (Hendrickson et al. 1985; Entry et al. 1986; Foster and Morrison
1987; Weber 1990; Smolander ef al. 1998). For example, timber harvesting may
indirectly alter microbial biomass and activity by changing the amount and type of organic
matter inputs, soil pH, soil temperature, and soil moisture (Entry et al. 1986).

The author was fortunate to have access to an established trial investigating the
effects of various levels of biomass removal on a black spruce (Picea mariana [Mill.]

B.S.P.) Boreal ecosystem. This study will attempt to augment the existing trial by asking

the following questions:



Do increasing levels of biomass removal result in quantitative differences in soil
microbial populations?

Do increasing levels of biomass removal result in differences in the bacterial
species isolated from treated plots?

Do soil microbial populations exhibit seasonal responses and are these responses
influenced by biomass removal?

Are there correlations between observed/measured fluctuations in soil microbial
populations and soil parameters, such as pH, organic matter, total nitrogen, total
phosphorous, and moisture content?

These questions will be addressed as follows:

1.

Using the fumigation-extraction technique (Voroney ef al. 1993), estimate the
microbial biomass C and N found in representative samples from the study area,

Following the traditional taxonomic approach, isolate, culture and describe (Gram
stain, cell and colony appearance, efc.) representative and unique bacteria,

Using the soda-lime respiration technique (Edwards 1982), estimate the soil
respiration,

Using a functional or substrate utilization approach, specifically API 20E
(Anonymous 1996), attempt to identify/characterize the isolated bacteria, and,

Using appropriate statistics, attempt to identify relationships between the
microbial populations, treatment regimes and certain environmental parameters.
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LITERATURE REVIEW

The microbial biomass, which acts as both a source and a sink for nutrients,
influences the availability of nutrients in the soil through the complementary processes of
mineralization and immobilization. Mineralization is the process of releasing organically
bound nutrients into mineral forms, which are then available for plant uptake, while
immobilization refers to the process of microbial uptake of mineral nutrients, thus
rendering them unavailable to plants (Killham 1994). The rates of these two processes
depend, in part, upon the size of the microbial biomass, the composition of the microbial
community (e.g., fungi versus bacteria, nitrifiers versus denitrifiers), the quality of organic
matter inputs, physical and chemical characteristics of the soil (e.g., temperature, water
content, % clay, pH) as well as the vegetation and climate above the ground. Each
component will influence the others ultimately affecting the condition of the soil. Using
forest canopy as an example, the presence of closely spaced spruce trees may cause the
cycling of nutrients to slow down due to lower soil temperatures and acidic foliage
inputs, whereas the presence of alder, with less acidic foliage and nitrogen fixing root
nodules, may improve soil fertility (Bradley and Fyles 1995). Since microorganisms
influence decay processes, mineral conversions, and plant root activity in the soil
environment, plant growth conditions are therefore affected (Entry ez al. 1986).

The elements affecting nutrient cycling and availability are numerous, complicated
and interconnected. A change in any one may lead to subsequent changes in some or all

of the other elements. The concept of “stability” or steady state in the microbial biomass
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must, therefore, be used advisedly under such dynamic conditions. Nonetheless, some
trends have been reported in the literature and will be summarized here.

In the literature review, the author will attempt to cover the major factors
affecting microbial biomass quantity and composition: organic matter (OM) inputs, soil
pH, soil temperature, soil moisture content, and seasonal conditions. Soil microbial
activity measurements, specifically respiration, are also included due to their potential as
ecosystem monitors following disturbance events. A discussion on microorganism
culturing techniques follows, providing insights to the advantages and disadvantages of

the various methodological approaches.

ORGANIC MATTER INPUTS AND DECOMPOSITION

Approximately half of OM is carbon (C) (Paul and Clark 1989). Carbon
compounds incorporated in the organic matter of soil are required primarily by the soil
micro-biota for energy and nutrition (Paul and Clark 1989). Carbon consumption by
microbes generates energy required to synthesize and break down other chemical
compounds, such as organically bound nitrogen (N) and phosphorus (P), which are used
for nutrition (Killham 1994).

Carbon and nitrogen are utilized by the micro-biota for cell wall formation and
maintenance (Paul and Clark 1989). The cell walls of bacteria are made up of sugar
derivatives, N-acteylglucosamine and N-acetylmuramic acid, that are linked by amino
acids via peptide bonds (Paul and Clark 1989). Organic matter containing both these

elements is therefore necessary for microbial biomass growth.



6

Carbon is present in the soil organic matter (SOM) in a variety of inorganic and
organic forms. The latter, however, predominate and may include other elements like N
and P. These organic compounds could occur as biomass C, root exudates, cellulose,
lignin, chitin, or humus (Killham 1994). The biomass C is made up of soil microbes and
animals (Killham 1994). This pool of C represents only 1-2% of the total organic C in
soil. Howeuver, it is the backbone of the soil C-cycle and all other nutrient cycles (Killham
1994). Root exudates, a highly decomposable form of organic C (Paul and Clark 1989)
represent less than 1% of total soil organic carbon, but provide an immediate substrate
for many species of soil microbes (Killham 1994).

Cellulose and lignin (remnants of plant residues), chitin (remnants of soil animals
and fungal residues), and soil humus (previously decomposed material) comprise 90% of
the total soil organic C (Killham 1994). These compounds are highly resistant to
decomposition due to their complex chemical nature. Decomposition follows a process
whereby each compound is slowly broken down into smaller units, and then eventually
into a form available for assimilation by the microbial biomass. Cellulose, for example, is
broken down into glucose by specialized cellulytic saprophytes, such as the fungal species
Fusarium and Aspergillus, or the bacterial species Bacillus and Pseudomonas (Killham
1994).

Lignins, having random structures and strong linkages, are even more resistant to
decomposition than cellulose (Killham 1994). White rot fungi, such as Coriolus
versicolor and Phanerochaete chrysosporium mediate the degradation of lignin into CO,

and H,O (Paul and Clark 1989). Humus, the product of decomposition of fresher
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material, has three constituents, humic acid, fulvic acid, and humin (Anderson and
Schoenau 1993). Because each constituent is recalcitrant, humus is constantly present in
the SOM and is continually being formed at the same time that it is being degraded
(Alexander 1961).

The quality and availability of the substrate, as defined by the chemical
composition of decomposing material, influences the microbial growth rate (Bosatta and
Agren 1994). Thus, properties of the original litter together with soil physical factors are
important in determining the amount of microbial biomass in the soil (Bosatta and Agren
1994). Bauhus et al. (1998) state that microbial biomass amounts are sensitive to
changes in soil physical and chemical composition. For example, soils high in lignin
residues can only support a low level of microbial activity. This is because lignin is
relatively high in N and is a poor quality resource for soil microbes that require C (Brady
and Weil 1996). Furthermore, Killham (1994) states that resource quality is described by
C/N ratios; low C/N ratios indicate high litter quality and rapid rates of decomposition,;
high C/N ratios indicate poor litter quality and slow decomposition rates.

Litter inputs are basically from two sources - plant and animal residues. Plant
litter may include any part of the plant from seed to root, and the decomposition rates of
the various tissues vary according to the chemical structure involved (Haynes 1986). For
example, the leaves and stems of a plant could contain up to 60% of N occurring as
enzymes or proteins and 40% as free amino acid-N. The former require much time and

energy for degradation, while the latter are water soluble and easily broken down

(Haynes 1986).
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Animal residues vary in components and turnover rates, just as plants do. Some
important differences between animal and plant residues do exist, such as the presence of
chitin in animal residues (Haynes 1986). Chitin, a contribution from the exoskeletons of
arthropods and eggs of nematodes, is stable in soil (Haynes 1986). Furthermore, animals
contribute urine and feces to the soil. Urine, containing 50-80% of N in the form of urea,
is easily degraded following the soil process of hydrolysis to form ammonium (NH;")
which is readily immobilized by microbes and plants (Haynes 1986). Feces, in
comparison, has a slower turnover rate due to its composition of highly resistant organic
forms of N (Haynes 1986).

In addition, the type of organic matter in the soil is also dependent on the quality
of foliage found in the ecosystem. For example, the soils of mixed-wood stands more
often contain simple sugars, starches and cellulose (Rowell 1994) which are easily broken
down and assimilated by microbes (Bradley and Fyles 1995). In contrast, the soil of
coniferous stands includes more complex organic residues exhibiting slower turnover
rates which in turn restricts microbial numbers (because of the poor quality and acidic soil
conditions) thus slowing decomposition (Bradley and Fyles 1995). Furthermore, Bradley
and Fyles (1995) state that previous studies have found that environmental factors, such
as extremely low pH and reduced organic matter (OM) residues in coniferous stands,
negatively influenced microbial activity and litter turnover rates. Also, as stand age
increases the quality of organic matter inputs decreases, and this was reflected in declines
in the microbial biomass carbon-to-soil organic carbon ratio and the microbial biomass

nitrogen-to-soil organic nitrogen ratio found by Bauhus et al. (1998).
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Assuming that sufficient C is available in the OM, it is appropriate to consider the
presence and availability of macronutrients such as N and P. It is generally accepted that
soil microbial populations under steady state conditions maintain an average C/N ratio of
8:1 (Rowell 1994) with the range being from 15:1 for some fungi to 3:1 for some bacteria
(Paul and Clark 1989). Since only one-third of the carbon metabolized by
microorganisms is assimilated (the rest is lost to respiration), substrates with a 24:1 C/N
ratio could be considered ideal. Paul and Clark (1989) noted that OM inputs at 25:1
ratios result in no net mineralization or immobilization. Organic matter inputs in forest
systems usually exceed this relatively low ratio. For example, leaves of oak trees have
ratios of 65:1 while pine needles have ratios of 225:1 (Haynes 1986). When high C/N
ratio residues are added to the soil, competition among microorganisms for scarce N
resources restricts the rate of decomposition and limits the amount of inorganic N
available for plant uptake. Complex chemical structures, such as lignins found in conifer
needles, decompose very slowly as evidenced by low C oxidation and N mineralization
rates (Brady and Weil 1996). Therefore, N may be limiting to microbial activity and
numbers even when adequate C supplies are present (Brady and Weil 1996).

Gallardo and Schlesinger (1994) reported that P also has a limiting effect on
microbial biomass. They found that P was less frequently immobilized than N by soil
microorganisms in litter, causing an increase of N/P ratio in the litter. This ratio increase
suggests that P and not N may be limiting in the F-H horizon. Phosphorous availability
could also become limiting in the lower horizons through adsorption by Al and Fe

sesquioxides (Gallardo and Schlesinger 1994).



10

The rate of OM decomposition is also dependent upon the various species of
microbes present in the soil, and the timing of the OM inputs. Rapid turnover of biotic
residues, for example, is mediated by zymogenous (bacilli and spore forming bacteria)
soil microbes, which do not occur as a numerically significant component of the soil
community under “normal” conditions, but proliferate when large amounts of organic
residues are added into the soil (Killham 1994). The on-going, low level cycling of
organic C is a function of autochthonous (coccoid bacteria) soil microbes (Kiltham 1994).

These bacteria are most competitive at low substrate concentrations and persist actively
in soil for long periods of time (Killham 1994). However, while bacteria alone may
“stall” on complex substrates such as lignins, net mineralization has been noted when
fungi are present (Paul and Clark 1989).

Timber harvesting can affect above- and below-ground aspects of the forest
ecosystem. For example, the removal of a forest canopy will immediately affect annual
organic matter inputs in the forrﬁ of foliage and fine root mortality. One-time additions
of coarse woody debris, such as large roots and branches, will drastically change the
organic matter pools in the soil and at the forest floor (Chatarpaul ez al. 1984;
Hendrickson et al. 1985; Entry et al. 1986; Foster and Morrison 1987). Measured
characteristics which support reported reductions in fungal and bacterial biomass include
slowed rates of leaf and woody litter decay, excessive drying and high temperatures at the
forest floor surface, increased CO, efflux and changes in soil N levels (Hendrickson et al.
1985). While the act of harvesting itself results in significant changes in the soil

environment, there is evidence that harvesting intensity further influences the magnitude



11
of the change (Chatarpaul et al. 1984; Hendrickson ez al. 1985; Entry ef al. 1986; Foster
and Morrison 1987). Thibodeau et al. (2000) investigated the effect of pre-commercial
thinning on microbial populations in balsam fir stands in Quebec. They hypothesized that
both the change in the soil temperatures and the input of foliage and branches would
positively affect the microbial biomass immediately following treatment. In fact, no
significant changes were noted in either MB¢ nor MBy in the mineral layer but a strong
relationship was found between MBy and soil temperature.

In the Boreal forest of Canada, clear-cutting predominates. Most commonly,
either a stems-only (also known as conventional) or full-tree technique is employed. In
the former, the tree is processed at the stump leaving foliage and branches scattered
throughout the site. In the latter, the tree is processed at roadside with foliage and
branches being removed from the site. The chief difference in the two techniques lies in
the amount and type of organic residue left in the stand. As of 1987, 65% of harvesting
in Ontario’s boreal forest was full-tree (Wiensczyk 1992).

Many authors have considered the question of nutrient capital depletion due to
the removal of relatively nutrient rich foliage and small branches (for a summary see
Wiensczyk 1992). The project upon which this thesis is based was established in
response to concerns expressed about full-tree harvesting in the Class Environmental
Assessment (Ontario Ministry of Environment 1994). In addition to the “balance-sheet”
approach employed by many researchers, it is also necessary to consider potential

changes in the microbiological system responsible for nutrient transformations.
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Entry et al. (1986) observed that the bacterial biomass was significantly higher in
a cutover where the organic residue was left on-site (7.e. stems-only) compared to
treatments where organic residues were removed. Hendrickson ef al. (1985) found that
whole-tree harvesting resulted in decreased microbial biomass when compared to
conventional harvest methods. The difference was attributed to a loss of residual OM in
the former. Hendrickson ez al. (1985) also reported that due to greater on-site traffic
during the whole tree harvest, increased mixing of the forest floor with mineral soil
resulted in a reduction of water-holding capacity and OM content of the soil, which
implied a reduction in microbial activity.

After harvest, silvicultural treatments intended to promote the growth of crop tree
species may also affect microbial populations. Ohtonen ef al. (1992) found that intensive
silvicultural activities (e.g., scarification, fertilization and herbicide application) generally
reduced microbial biomass on coniferous sites found in Central Ontario (Petawawa
Research Forest). The modified scarification treatment alone, which removed the humus
layer, caused a nutrient limitation as evidenced by a widening of the C/N ratio in the
mineral soil (Ohtonen ef al. 1992).

Bauhus ez al. (1998) suggested that microbial biomass was influenced by soil
texture and SOM quality. Microbial populations were found to be sensitive to changes in
the soil chemistry and physical environment, and were negatively influenced by forest
management practices. Management practices, such as harvesting and silviculture, could
cause the microbial population to decline, and ultimately have a negative affect on OM

turnover rates. Ohtonen ef al. (1992) noted that the reduction of microbial biomass per
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unit OM and the reduction of microbial biomass C in surface organic and mineral layers
was indicative of a reduced capacity of the ecosystem to maintain its nutrient reservoir.
This reduced nutrient reservoir results in slower decay rates because substrates containing

readily mineralizable N were less available (Hendrickson et al. 1985).

SOIL MOISTURE AND TEMPERATURE

The general consensus throughout the literature seems to be that moisture and
temperature levels are key components in determining the nature and size of soil
microbial populations.  Soil bacteria require a water film for movement and can only
remain active if there is suitable moisture in the soil, so that nutrients and waste products
can diffuse in and out of the bacterial cell (Wong and Griffen 1976a & b). Thus, bacterial
activity may increase or decrease as the water potential rises and falls, respectively.
Changes in microbial activity can be estimated by soil respiration rates. According to
Schlentner and Van Cleve (1985), soil respiration fluctuates as moisture or temperature
changes, depending on which of the two parameters is most limiting at the time of
measurement. At moisture contents less than 75%, by weight of soil, temperature
increases had little effect on respiration, whereas at moisture contents of 100-250%,
respiration increased with temperature. Alternatively, moisture levels had little influence
on respiration when temperatures were below 5°C; however, at temperatures of 10-20°C,

respiration increased with moisture changes.
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Lundgren and Soderstom (1983) reported that in podzolic soils, seasonal changes
in precipitation and moisture content exerted strong influences on soil bacteria numbers.
Precipitation provides moisture and available nutrients to the soil, thus, immediately
altering the soil environment. This increases the soil moisture content and the soil
microbial biomass (Lundgren and Soderstom 1983). Evaporation, which is dependent on
air temperature and humidity, may rapidly decrease this moisture content so that no
detectable changes in soil bacteria populations can be found a few days after rainfall.

Alternately, Weber (1990) reported that rainfall events did not result in higher
water contents or altered soil respiration rates of cut and burned aspen ecosystems at the
Petawawa Research Forest. Furthermore, he indicated that temperature is more closely
correlated to soil respiration, with a strong temperature control exerted over respiration
patterns in both cut and burned treatments of aspen. Howard and Howard (1979) found
that in hardwood stands, microbial numbers were not significantly correlated with
moisture content. Moisture and temperature accounted for 5% and 64%, respectively, of
the variation in soil respiration. Orchard and Cook’s (1983) results correspond with
those of Lundgren and Soderstom (1983), where they found a correlation between soil
respiration (an indicator of microbial activity) with soil moisture content; as the soil
moisture content decreased, respiration decreased, reflecting an estimated 10% reduction
in microbial activity. Rapid increases in respiration rate immediately following rewetting
of the soil indicated 1) the death of some organisms, and 2) that many microorganisms
are capable of surviving water stress and resuming activity quickly in response to

favourable changes in their environment. Orchard and Cook (1983) also suggested that it
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was likely that an increase in activity, rather than in biomass, was responsible for
increased respiration rates.

Berg et al. (1998) suggested that seasonal conditions might have a direct
influence on the microbial biomass by inducing specific microbial community responses to
soil moisture and temperature. For example, microbial biomass declines during periods
with extreme climate conditions. They further speculated that seasonal effects on plant
productivity and organic matter release also indirectly influence densities of soil fauna
populations, and interactions between grazers and microflora.

Salonius (1983b) suggested that air drying of soils may lower species diversity,
resulting in a significant reduction of the metabolic activity of the population (using a soil
suspension method), as compared to that of an undried soil. Damage due to drying was
found to be less in the H horizon than in the L and F horizons. Salonius (1983b) further
recommended that if a soil is not to be studied immediately after sampling then it should
be stored moist to maximize the amount of living microbial biomass.

Mixing of humus with mineral soil, as Salonius (1983a) reported, may also lead
to increased soil temperatures, and enhanced organic matter decomposition. Clay
colloids may act to buffer the soil environment against toxic accumulation of metabolic
end products of the developing microbial population, thus allowing activity levels to be
enhanced. However, this buffering effect may simply be more obvious in populations at
temperatures of 20-40°C, as compared to less active populations at 10°C (Salonius

1983a). Anderson (1978) suggested that enhanced decomposition may be attributed to
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increased microbial activity and species diversity resulting from the mixing of soil layers,

which has subsequently created a greater diversity of micro-habitats.

SOIL pH

Any removal of forest vegetation may result in a change of soil pH, with
subsequent consequences for the integrity of microbial functional groups, as well as for
microbial processes (Gallardo and Schlesinger 1994). Gallardo and Schlesinger (1994)
speculated that P limitations in soils with highly basic or acidic pH levels will affect the
activity and nature of microorganisms present. Baath et al. (1995) suggested that pH
may have the ability to alter other soil properties, such as the C/N ratio, which indirectly
affect microbial community composition by restricting available nutrients. Staddon ef al.
(1996) reported that a change in soil pH results in a loss of species in microbial functional
groups. They stated that cellulose decomposition, for example, is predominately
mediated by filamentous fungi at conditions below pH 5.5, whereas other species of fungi
and bacteria dominate at neutral to alkaline pH. The change in microbial functional
groups, as environmental habitats change in soil pH and chemistry, may also limit the
activity of the remaining members. Hendrickson ef al. (1985) reported a significant pH
increase (4.7 to 5.2) in the forest floor in a mixed-wood stand, after whole-tree
harvesting. Foster and Morrison (1987) showed that forest removal using the full-tree
method resulted in an acidifying effect of the forest soil and suggested that the

incorporation of forest phytomass into the soil would have a neutralizing effect, thereby

reducing the limiting effect of pH on microbial organisms.
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Fungi tend to dominate the microbial community in acid forest soils (Anderson
and Domsch 1975; Bewley and Parkinson 1985; Scheu and Parkinson 1994; Matthies et
al. 1997). Matthies et al. (1997) reported that culturable fungi predominated over
bacteria at a pH range of 2.2-6.5. Not surprisingly, they found that the bacterial
populations in acidic forest soils were more tolerant of the ambient conditions than were
bacteria from less acidic forest soils. It has also been reported that bacteria have
predominated over fungi in acidic Boreal forest soils (Frostegard ez al. 1993; Baath ef al.
1995; Berg et al. 1998). After many pH-raising treatments, Baath et al. (1995)
concluded that the fungal-to-bacterial biomass ratio remained fairly constant across a
range of pH, suggesting that fungi and bacteria may not have varying pH optima.
Further, Berg ez al. (1998) noted that high N levels in soil may influence the shift of
dominance from fungi to bacteria. They also hypothesized that high atmospheric N
deposition may eventually lead to N saturation of the soil, which would impose a stress

on fungal communities, and cause a decrease in their abundance and activity.

METHODS OF DETERMINING MICROBIAL BIOMASS

Many methods have been developed and applied in the estimation of microbial
biomass and activity. These approaches are: 1) direct and 2) indirect. Direct methods
involve assays and measurements of the actual microbial biomass (Hartmann ez al. 1997).
Indirect methods estimate the size of the microbial biomass by measuring the metabolic
activities of microbes (Hartmann ef al. 1997). Direct techniques include: 1) chloroform

fumigation incubation (CFI) (Jenkinson and Powlson 1976), and 2) chloroform
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fumigation extraction (CFE) (Voroney ez al. 1993). Indirect techniques include: 1)
substrate induced respiration (SIR) (Sparling 1985), and 2) soil CO, evolution methods
(Edwards 1982). The soil fumigation methods, as described by Jenkinson and Powlson
(1976), assume that:
1. Carbon in dead organisms is more rapidly mineralized than that in living
organisms.
2. Fumigation leads to a complete kill.
3. Death of organisms in the unfumigated soil is negligible compared with that in
fumigated soil.
4. The only effect of soil fumigation is to kill the microbial biomass.
5. The fraction of dead biomass C mineralized over a given time period does not
differ in different soils.
This method was originally developed for soils with a water holding capacity of 50-55%

(Jenkinson and Powlson 1976). which mav be limiting and nroblematic for soils outside
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West 1988). Furthermore, the question'of a correct “control” has plagued the
methodology (Voroney 1985).

The CFE method, on the other hand, is reported to provide stable estimates of
soil microbial biomass (Tate et al. 1988; Sparling and West 1988; Merckx et al. 1988;
Vance et al. 1987). Chloroform fumigation extraction may be used on soils with low pH,
high organic matter, and excessive water content (Inubushi ez al. 1991). Further, CFE is
not dependent on the physiological state of the soil microflora, suggesting that the
dormant population may also be captured (Martens 1995). Feigl et al. (1995) concluded
that the CFE method is more convenient and suitable for estimating both microbial C and
N in the same extract, as compared to the CFI and SIR methods. Beck et al. (1997) also
recommended CFE over CFI and SIR techniques with respect to forest soils.
Martikainen and Palojarvi (1990) compared CFE to microscopic counting in ten forest
soils with a range of pH (3.6-6.8) and organic C (2.6-36%), and concluded that CFE was
better suited for all ten soils.

The SIR technique utilizes the physiological respiration response of soil organisms
to substrate amendment to provide an estimate of soil microbial biomass C (Sparling
1985). Like the soil fumigation techniques, the SIR method also follows assumptions
implicit in the estimation of microbial biomass. The SIR assumes that (Sparling 1985):

1. The response of different organisms to the method is reasonably constant.
2. The majority of the soil micro-biota will respond during the period of

measurement.
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3. Glucose is a suitable substrate to induce the maximal response of respiration.
4. The contribution to microbial C from non-glucose metabolizing organisms is
insignificant or consistently low.

Unlike CFI, SIR can be applied to soils of low pH, and to leaf and forest floor
materials (Sparling 1985). Also, very small soil samples can be analyzed and the relative
contributions by bacteria and fungi to rhizosphere populations can be distinguished
through the incorporation of inhibitors (Sparling 1985). A limitation is that SIR, like
most other methods, requires calibration using another estimate of the microbial biomass
(Feigl ef al. 1995). Furthermore, SIR relies on the active soil population showing a
respiratory response within a few hours after the addition of substrate. Therefore, the
dormant population will not be captured by the assay (Feigl et al. 1995). Feigl et al.
(1995) found SIR to be inappropriate for acidic soils with high clay content, in
comparison to CFI and CFE methods. Ocio and Brookes (1990) suggested that the SIR
response per unit of microbial biomass C may not be constant throughout the whole
biomass range. It has also been reported that if the microorganisms are actively growing,
SIR will overestimate the microbial biomass C (Sparling 1985).

Soil respiration, an indirect method, is defined as the sum total of all soil
metabolic functions in which carbon dioxide is produced (Singh and Gupta 1977). It
includes microbial, microfaunal, mycorrhizal, rhizospheral, and root respiration (Weber
1985). These components may be measured using dynamic or static procedures, both of
which are forms of indirect sampling methods. Dynamic methods use an infrared gas

analyzer (IRGA), whereby a sample of air of known composition is drawn over a known
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area and the increase in CO, concentration is measured (Schlentner and Van Cleve 1985).

Static techniques use alkali absorbents, like soda-lime, whereby an air-tight chamber
covered with aluminum foil is inverted over an open tin can containing previously dried
and weighed absorbent. After a measured period of time, the absorbent is removed and
the amount of CO, absorbed is calculated (Edwards 1982). Pongracic et al. (1997)
reported that estimates of soil CO; efflux using an IRGA were consistently greater than
those calculated using soda-lime. However, explanations for the discrepancy between the
two methods were not given.

The use and interpretation of soil respiration has historically been complicated by
the difficulty of separating root respiration from microbial respiration. Attempts by
various researchers, such as Singh and Gupta (1977) and Schlentner and Van Cleve
(1985), have not resolved this problem. However, soil respiration remains a widely used
method for assessing biological and metabolic activity (Reiners 1968; Schlentner and Van
Cleve 1985; Weber 1985; Gordon et al. 1987, Weber 1990; Pongracic et al. 1997). As
Weber (1990) stated, soil respiration measurements help to assess the metabolic activity
of a site in relation to forest practices, thereby determining the degree of impact imposed
by these practices on site productivity and recovery rates of ecosystem processes.

The usefulness of respiration measurements may be limited because of the
occurrence of soil atmosphere alterations during sampling. This may affect the level of
microbial activity (Prosser 1997) in that the gaseous phase in which the soil normally
exists may be altered if there is a passage of gas over or through the soil. This could

increase the mixing of the gases and ultimately change the concentration of the O, and
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CO,, thereby resulting in a false measurement of microbial activity (Prosser 1997).
Prosser (1997) suggested that since the microbial biomass is quite sensitive to the
chemical and physical environment, and because the forest soil environment is
considerably heterogeneous, it is difficult to measure microbial activity without error or
bias.

Reiners (1968) speculated that soil respiration measurements did not capture the
transfer of carbon compounds other than CO,. While these losses may cause an under-
estimation of the rate of energy release, the inclusion of tree root respiration may cause
an over-estimation of activity rates. Schlentner and Van Cleve (1985), however, reported
that static methods, such as soda-lime, are feasible approaches for estimating total soil

respiration at remote field locations, such as forest sites.

MICROORGANISM CULTURE AND IDENTIFICATION

Even though the fungal biomass exceeds that of bacteria, the latter will be the
focus of this aspect of the study because bacteria act as excellent indicators of
physicochemical conditions in the soil (Killham 1994) exhibiting higher sensitivity, over
fungi, to changes in environmental parameters. Berg ef al. (1998) reported that fungi
were less susceptible to drying than bacteria, suggesting that spatial distribution patterns
of bacteria may be predicted or determined by soil moisture. In addition, bacterial
growth and activity are strictly limited by substrate quality (Killham 1994), and as such
are indicators of how organic matter biomass removal influences the microbial biomass as

a whole.
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Microbial diversity encompasses a large array of taxonomic, physiological, and
genetic characteristics, as well as the diversity of functional groups (Staddon et al. 1996).
Difficulties occur in describing these attributes because current cultural methods for
bacteria isolate no more than a small fraction of species (Staddon ef al. 1996). This
limitation is due to a variety of factors. For example, Staddon ez al. (1996) described the
effect of the association of r-strategist microbes (which grow well in vitro) with the K-
strategist microbes (which are non-culturable) occurring in the same habitat. Drawbacks
may also lie with the type of species of bacteria being cultured. For example, nitrifying
bacteria are quite sensitive to techniques such as direct plating because organic materials
introduced with the inoculum permit growth of heterotrophic contaminants (Schmidt and
Belser 1982). Initial isolation of nitrifiers is difficult and, once isolated, these bacteria are
slow growing in culture, sparse in yield, and susceptible to contamination (Schmidt and
Belser 1982). Furthermore, bacteria occur in patches, which may be only a few cubic
micrometres in volume, throughout soil (Coleman and Crossley 1996). Because bacteria
are passive, they depend on episodic events such as rainfall or root growth for movement.
Thus, bacterial distribution and abundance are difficult to estimate without a high
variance about the mean (Coleman and Crossley 1996).

In order to isolate highly oxygen-sensitive anaerobic populations, specific
cultivation techniques are required to avoid exposing the microbes to oxygen (Casida
1968). Bacteria which are parasitic on other bacteria may be present in the soil, but may
not be demonstrated in isolations due to the lack of the presence of a suitable host

(Casida 1968). Casida (1968) also suggested that much of the soil bacterial population
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may exist in such a manner that antibiotics or other inhibitors in the soil stabilize their
growth. Alexander (1961) advised that since the soil atmosphere contains such high
levels of CO,, the CO; level in the laboratory should be adjusted to reflect that found in
the soil so that growth of soil microorganisms may occur under more natural conditions.

For these reasons, cultural methods tend to be biased in that only a minor fraction
of the bacterial population may be available for characterization in pure cultures (Bakken
1997). Thus, the cultured isolates may or may not be representative of the bacterial
species inhabiting the soil. Due to the diversity and variability of microbial communities
found in the soil, classic taxonomic methodology does not always yield a clear
identification (Bakken 1997). Sorheim ef al. (1989) compared cultures of microbes
growing on various nutrient media, and found only a partial overlap between populations
growing on similar media. The Gram staining technique is used to identify between gram
positive and gram negative bacteria based on cell wall characteristics. Gram negative
bacteria belong to the family Enterobacteriaceae, which includes most bacteria that occur
in the soil (Holt ez al. 1994). The traditional method used in the identification of Gram
negative bacteria is C substrate utilization (Palmieri ef al. 1988). Such C sources may
include glucose, xylose, mannitol, lactose, sucrose, maltose, fructose, galactose,
mannose, rhamose, lysine, ornithine, arginine, phenylalanine, esculin, and gelatin (Palmieri
et al. 1988). These bacteria will yield either a positive or a negative result in a pattern
characteristic of a particular bacterial species. However, this approach may be
impractical for assessments on diverse populations due to it being very labour intensive,

time consuming, and expensive.
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Modern automated systems, which are much less labour intensive and less
expensive, were introduced originally and developed primarily for the identification of
clinical isolates (Palmieri ez al. 1988). Many of these commercial test systems have been
modified to suit other situations, such as the identification of microorganisms isolated
from soil. For example, the Biolog system has been used to determine activity patterns
for assessing functional diversity of soil microorganisms (Zak ef al. 1994). But, this
system has limitations in that reactions are sensitive to inoculum densities, the selection of
C sources is biased to clinical isolates, and it is unable to determine fungal activity (Zak et
al. 1994).

Washington ef al. (1971) evaluated the accuracy of another multitest
micromethod system, Analytab, which is also used for the identification of soil
Enterobacteriaceae. They found this system to be about 93% accurate after repeat
testing with a heavier inoculum of those strains failing to ferment glucose initially
(Washington et al. 1971). At the time, this system was the most complete commercially
available test series for Enterobacteriaceae identification that provided an initial testing
accuracy of 90%.

A study conducted by Robertson et al. (1976), revealed that identification kits,
such as API 20E, have generally demonstrated satisfactory performance identifying
clinical isolates when compared with traditional culturing methods. The authors
concluded that the identification kits offered savings in both time and material costs,
while allowing about the same rate of accuracy (exact percentage not stated).

Furthermore, the study concluded that the kits offered, 1) improved quality control; 2) a
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standardization of methods, which allowed the use of interpretative pattern directories;
and 3) the application of these tests by less sophisticated operators (Robertson ef al.
1976).

Palmieri ez al. (1988), however, concluded that the API 20E system had
limitations in the identification of various bacterial species in clinical trials. They stated
that the API 20E system has deficient characterization of some test organisms, especially
at the species level. This identification system was unable to distinguish, for example,
between various Pseudomonas spp., and simply grouped them under the category of
other Pseudomonas species (Palmieri ef al. 1988). It was suggested that the API 20E |
system may be useful as a rapid screening method for preliminary characterization of
various bacteria groups. The API 20E system has been employed successfully in the
characterization and identification of bacteria isolates in other forest ecology studies, such
as Mireku (1981) and Roy (1984). Nevertheless, whether traditional technique, or kit
systems are used, there is no one technique ensures an accurate representation of all soil
bacteria.

More recent techniques for assessing soil microbial biomass include phospholipid
fatty acid (PLFA) profiles (Baath et al. 1995), fatty acid methyl ester (FAME) assays
(Bailey et al. 1997), and deoxyribonucleic acid (DNA) extractions (Liesack ez al. 1997).
These methods are often used to determine the microbial population and community
structure and activity via chemical means. The PLFA profiles use phospholipids, found in
membranes of all living cells, as biomarkers (Morgan and Winstanley 1997).

Phospholipids, comprising a constant proportion of the bacterial biomass, emit different
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patterns for different subsets of microbial communities (Baath ez al. 1995). This method
is applicable to the study of mixed populations of varying degrees and complexity
(Morgan and Winstanley 1997). The PLFA profiles can also be used to detect
environmental changes, stress responses or periods of activity by tracking differences in
lipid profiles of microbes (Morgan and Winstanley 1997).

The FAME assays are similar to PLFA's in that fatty acids are used to identify
bacteria species rather than to estimate biomass (Bailey ef al. 1997). The profiles are
generated using extracted cellular fatty acid methyl esters that are assayed via gas/liquid
chromatography (Bailey ef al. 1997). A third technique uses DNA extraction. This
entails direct cell lysis once separated from the soil matrix. The method retrieves up to
35% of the microbial biomass from the soil (Liesack et al. 1997). This technique,
however, only selects for those microbes that have less affinity for soil particles (Liesack
et al. 1997). Direct cell lysis, where the cells are first lysed in the soil then the DNA is
extracted and purified, detects the overall genetic potential of the sample (Liesack et al.
1997). However, the method of lysis chosen is critical since this may influence the
microbial biomass potential detected in the soil (Liesack et al. 1997).

Microbial diversity is not only demonstrated in the number of species contained
within a community and in the number of functions they provide, but also in the number
of rare habitats that they occupy (Staddon ef al. 1996). Therefore, as Staddon ef al.
(1996) proposed, there may be a vast number of habitats yet unexplored, containing new

species still unknown. Unless current culturing techniques are modified to include
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methods that allow for these unknown species to be sampled, a clear understanding of

microbial biodiversity may not be possible.
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METHODOLOGY

SAMPLE SITE
The study site for the microbial biomass investigation is located about 80 km
north of Thunder Bay, ON; to the west of highway 527 (Figure 1). The sample site
consists of a 110 year old black spruce (Picea mariana [Mill.] B.S.P.) stand. The
topography consists of gentle rolling hills, based on bedrock formed by morainal parent
material. The site represents an ES20, spruce/pine feathermoss ecosite (Racey et al.
1996). The soil is classified as gleyed dystric brunisol with a very fresh moisture regime
(3) (Sims et al. 1989). A description of the soil profile is provided in Table 1.
Harvested in the winter of 1994, four different biomass removal treatments were
applied (Gordon ef al. 1993), which included:
1. Tree-length harvesting system, where the slash is left near the stump.
2. Full-tree harvesting system, where the slash is removed to the roadside.
3. Whole-tree harvesting system, where the slash, duff, and stumps are removed to
roadside.
4. Full-tree chipping system, where slash is removed to roadside, chipped and
redistributed on cut blocks
5. Control, where the block remains uncut.

Only the tree-length, full-tree, and control treatments were considered for the purposes of

the study reported here.
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Table 1. Physical soil characteristics and classification of soil profiles associated with the
black spruce study site.

Particle Distribution (%)

Horizon  Thickness Soil Soil Soil
(cm) Texture Moisture Classification
sand silt clay
F 7 n/a /a n/a
H Discontinuous Very Gleyed Dystric
(<1 cm) Fresh (3) Brunisol
Bm 15 Silty loam 42 52 6
Begj 1 Sandy loam 46 49 5

Note: Coarse fragment content represented slightly over 32%, by volume, of the mineral soil profile.
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FIELD SAMPLING TECHNIQUES

Figure 2 demonstrates the layout of the treatment plots found on the study site.
Originally, each plot ( 30 m x 30 m) was allocated a number from 1 to 12, and each plot
was randomly allocated 1 of 4 different harvesting treatments, as specified earlier. The
control plots (50 m x 50 m) were left untreated. Sampling for this study occurred once a
month (at the end of the month), for four consecutive months, May, June, July, and
August, in 1998.

Figure 3 presents the soil temperature and precipitation values for May through
September of 1998. The temperature is averaged weekly, and the precipitation is event-
based. Soil temperature, at a depth of 15 cm, was measured in the treatment plots.
Precipitation was measured at a centrally located (on site) weather station. During the
measurement period, the full-tree treatment displays consistently higher soil temperatures
than do the tree-length or control treatments, with the control having the lowest
temperatures. During the month of May, only 30 mm of rainfall was recorded. However,
soil moisture content at this time was augmented by spring thaw and snow melt. June and
August were relatively dry with only 42 mm and 55 mm of rain, respectively. July
experienced the most amount of rain during the year of sampling (103 mm), with
September following closely behind at 90 mm.

Samples were taken from nine plots, representing three each of the tree-length,
full-tree and control treatments. These two harvest treatments were chosen because they

are the most commonly used in the forest industry and represent a range of biomass

removal options.
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Figure 3. Average temperature and cumulative precipitation values associated with
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Three sample points were obtained at random locations, in each plot. At each sample
point, the litter (feather moss) layer was peeled back and two soil samples were taken
using a trowel. One sample was taken from the upper organic layer, the F/H horizon, and
the second sample was taken from the upper mineral layer, the B,, horizon. Samples from
each plot were bulked for each of the organic and mineral layers, so that there were nine
organic and nine mineral samples taken each month. The samples were bulked in order to
minimize the variability present within each plot. High spatial heterogeneity of chemical
and physical properties of both the forest floor and soils has been recognized (Arp and
Krause 1984) and bulking of samples is an attempt to reduce this variability. The samples

were sealed in plastic bags and placed in frozen storage (-15°C) pending analysis.

LABORATORY ANALYSIS
Soil pH

The pH of each soil sample was measured following procedures outlined by
Forster (1995a). The distilled water method was used in order to conserve soil which was
dried and reused in a different test. Ten grams of air-dried and sieved (2mm) mineral soil
was weighed into a glass beaker with 25 mL of distilled water (1:2.5 v/v). Five grams of
organic soil was weighed into a glass bgaker with 50 mL of distilled water added to the
beaker (1:10 v/v). Each sample was stirred immediately for one minute and then allowed
to stand for 30 minutes. After a second short stirring, the pH was measured with a pH

meter (Orion 520A) and a glass electrode (Orion 91-57).
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Organic Matter Content

The loss-on-ignition method described by Meyer and Vanson (1997) was used to
determine the organic matter content of the soil sampled. The organic matter % of each
sample was calculated as follows (Meyer and Vanson 1997): 1) In a crucible of known
weight oven dried at 110°C, a 10 g sample of 2mm sieved soil was placed; 2) the sample
was placed into a muffle furnace and the temperature was gradually raised to 600°C with
the sample ignited for three hours; 3) samples were cooled in a desiccator, and reweighed
to determine weight loss; 4) the organic matter content was calculated using the following

formula:

organic matter content (%) = [(soil weight before - soil weight after) / soil weight before] * 100 Eq.1

Water Content

The gravimetric water content was measured following Forster (1995b). The
procedure included weighing out 10 g of field-moist soil for each sample into an
aluminium weighing tin, and the weight was recorded to the nearest 0.001g. The tins of
soil were placed into a drying oven at 105°C for 24 hours. Upon removal, the tins were
cooled in a desiccator, then reweighed. The per cent water content was calculated using

the following formula:

% water content = [(moist weight - dry weight) / moist weight] x 100 Eq.2
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Total Nitrogen and Phosphorous

A modified Micro-Kjedahl method was used to measure the total N and P in the
soil samples. Original methodology follows steps outlined by Bremner and Mulvaney
(1982). Soil was air dried at 65°C for 48 hours, ground by grinder, and sieved through a
2mm screen. The soil was placed in a container with an air-tight lid and labelled. For
digestion, 1.0 g of soil was weighed and placed into a digestion tube. Two replications
per sample were weighed out. One blank was included at the beginning and at the end of
the digestion rack. Two or three boiling chips were added to each tube including the
blanks and controls. Four mL of digestion solution (mixture of H,SO, and salicylic acid)
was added, and the tube was turned to wash down sides, then shaken gently. A rubber
stopper was placed on all digestion tubes which were then left over night.

Stoppers were removed under the fumehood and one level scoop of crushed
sodium thiosulphate was added to each tube. The digestion tubes were placed on a rack in
the digester and placed along the sides were side plates. The digester was set to 350°C.
After the sample tubes finished frothing, they were removed from the digester to a
wooden stand and were allowed to cool for 5 minutes. One scoop of catalyst mixture
(potassium sulfate, cupric sulfate, and selenium) was added to each tube and the tubes
were returned to the digester at 400°C for 1 hour. Tubes were then removed from the
digester and cooled for 10 minutes.

When cooled, 10 mL of distilled water was added. The samples were placed into
the sonicator for several hours until the digest was dissolved. The rubber stoppers were

removed from the tubes and distilled water was added to each sample until about 1 cm
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from the top of the tube. The tubes were rubber stoppered again and inverted gently once
or twice to mix the digest with the distilled water. An Autoanalyzer was used to measure
the total nitrogen and phosphorus. Standards were used to establish a linear relationship
for each element. Actual readings for each sample were then transformed using the line
generated for the standards. This value, in ppm, could be calculated as a per cent using

the following formula:

X =(y - a) / b, where a and b are calculated from a regression based on a series of standards,

y =reading in ppm from the Autoanalyzer;

x = ppm of nitrogen.

% N or P=[(ppm N (or P) x 0.075 L ) / weight of sample (mg)] x 100 Eq3

Values were multiplied through by 1000 to reduce the number of decimal places,

allowing for easier reporting and reading of figures.

Culturing

Culturing of bacteria followed methods outlined in Phillips ef al. (1986). Twenty-
five grams of fresh soil was placed in a 1 L graduated cylinder and distilled water was
added so that the total volume was 250 mL. The suspension was then stirred and poured
into a 1 L Erlenmeyr flask and shaken for 30 minutes. Using a sterilized pipette, 10 mL of
the shaken suspension was drawn and transferred into a 90 mL sterile water blank. One
mL of this diluted suspension was immediately transferred through successive 9 mL sterile
water blanks, totalling six separate suspensions, each at various dilutions starting at 1:10
and ending with 1:1 000 000. Each dilution was shaken for a few seconds and was kept in
motion while a sample was drawn into the pipette. Using the Eppendorf tip-ejector

pipette 4700, 0.5 mL of each dilution was transferred aseptically to previously prepared
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plates of Tryptic Soy agar medium (Anonymous 1996). Each plate was sealed with
paraffin wax strips and incubated at 24°C for 48 hours. The bacteria colonies were then
counted and described. Representative cultures were transferred to a separate plate of
Tryptic Soy agar using the streak-plate method. The inoculated plates were incubated

again at 24°C for an additional 36-48 hours.

Identification

Pure cultures were tested for Gram positive and Gram negative properties
following the staining procedures outlined in Anonymous (1992). The identification of the
isolated bacteria was done using a carbon substrate utilization system called API 20E
(bioMerieux Vitek 1996). This system involved the following steps: 1) preparation of the
inoculum, where a sterile loop of culture was mixed into a 5% saline solution; 2)
preparation of the strips, where the holder was filled with sterile \;vater and labelled; 3)
inoculation of the strips, where each well was filled with the inoculation using a 5 mL
pipette, and anaerobic tests were sealed with mineral oil; 4) incubation of the strips, where
the strips were put into a dark chamber at 36 °C for 24 to 48 hours; 5) reading of the
strips, where each well was identified by colour and designated a set number for that
colour, leading to a nine digit number code; and 6) identification of microorganisms,
where the number code is registered in a profile index, and each code is linked with a
bacterial species (i.e. 0040024-10 Pasteurella multocida) and identified on a scale of poor

to excellent probability.
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Soil Respiration

Two respiration measurements were taken approximately one week apart, in
September, using the soda-lime technique as described by Edwards (1982). One plot for
each treatment was randomly selected. Each plot was further sub-divided into three
sections (Figure 2); five tins of soda-lime were randomly placed on each sub-division (15
tins of soda-lime on each plot), plus one blank per plot. Within each pre-weighed tin, 35-
40 grams of soda-lime was placed. The tins each have a diameter of 6.5 cm and a surface
area of 33.18 cm’, thus meeting the requirement for a minimum surface area (Edwards
1982). The tins of soda-lime were dried in an oven for 24 hours at 100°C and weighed
before being placed on the sample sites. The tins were placed on the sites uncovered, and
then a plastic tub (158.36 cm®) covered in aluminium foil was placed over each tin. The
foil helped to reflect the sunlight so that photosynthetic respiration was not falsely
elevated. Also, the tins were placed such that a minimal amount of green material was in
the area covered by the tub. The tins were allowed to stand for 24 hours, retrieved and
capped. The blanks of soda-lime remained covered for this entire period. The soda-lime
was again oven-dried for 24 hours at 100°C and reweighed to measure the amount of

carbon dioxide evolved. Calculations followed the formula:

CO, evolved = (weight of sl. at time 2 - weight of sl. at time 1)/(# hours * area m?) Eq4

Chloroform Fumigation-Extraction

The method for determining microbial biomass carbon and nitrogen is described by

Voroney et al. (1993). Ten grams of wet soil were oven-dried at 100°C for 24 hours to
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calculate the moisture content. Twenty-five grams of fresh soil was weighed into a glass
jar; four replicates per soil sample. Two replicates were fumigated with chloroform
(CHCI5) for 24 hours. The other two replicates of each set of four were immediately
saturated with either 60 mL (organic samples) or 40 mL (mineral samples) of 0.5 M
K,SO4. The replicates were shaken for one hour to allow for complete mixing of soil and
K>SO, The mixture was filtered through VWR glass fibre filter papers (grade.696), and
the extracts were frozen at -10°C in plastic vials for later analysis. The fumigated samples,

after repeated evacuation of the chloroform, were subject to the same treatment.

Biomass N and Biomass C

The extracts were analyzed for total N and C, using a colorimetric method
(Anonymous 1978; 1984). The N containing compounds in the soil extracts were
oxidized to nitrate by digestion in acidic and basic conditions with ultraviolet light. In
order to avoid a suppression of N by C in the sample, the concentration of the potassium
persulfate solution was increased from 1 to 3% (Luckai et al. in prep.). The nitrate was
further reduced to nitrite by copper-hydrazine solution. The nitrite ion then reacted with
sulfanilamide under acidic conditions to form a diazo compound, which then was coupled
with N-(1-naphthyl)-ethylenediamine to form a reddish-purple colour. The intensity of the
colour was measured at 520 nm.

In order to measure the total organic C, inorganic C (carbonate) was removed by
entraining the acidified stream with a high velocity stream of N or C free air. The sample

was transformed into a thin turbulent liquid film that was transported rapidly through a
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large bore coil providing the necessary surface area for efficient CO, removal. At a purge
rate of 500 mL per minute, up to 500 mg of inorganic C can be removed with minimal loss
of volatiles. An aliquot of the carbonate free sample was air segmented, mixed with a
stream of acid and potassium persulfate (;l%) and subjected to UV radiation. The
resultant CO, was dialyzed through a silicone rubber membrane and reacted with a weakly
buffered phenolphthalein indicator. The decrease in colour of the indicator was
proportional to the original C concentration. Calculations for biomass C and N followed

the formulae outlined in Voroney et al. (1993):

1. Soil water content:

WS (%) = [ soil wet weight (g) - soil oven-dry weight (g) / soil oven-dry weight (g)]*100 Eq.5
2. Weight of soil sample (oven-dry weight equivalent) taken for microbial biomass measurements (MS):
MS (g) = [soil wet weight (g) * 100]/[100 + WS (%)] Eq.6
3. Total volume of solution in the extracted soil (VS):

VS (mL) = soil wet weight (g) - soil oven-dry weight (g) + extractant volume (mL) Eq.7
4. Total weight of extractable C and N in fumigated (Of) and unfumigated (Oyy) soil samples:

OCy, OCyr (g/ g soil) = extractable C (g/ mL) * [VS (mL) / MS (g)] Eq.8
ONp, ONyg (g/ g soil) = extractable N (g/ mL) * [VS (mL) / MS (g)] Eq.9
5. Microbial biomass C and N in the soil (MB-C, MB-N):

a) MB-C (g/ g soil) = (OCp - OCyp) / kgc Eq.10
where: kgc =0.25 +0.05 and represents the efficiency of extraction of microbial biomass C.

b) MB-N (g/ g soil) = ( ONg - ONyr) / ken Eq.11

where: kgy = 0.18 £ 0.04 and represents the efficiency of extraction of microbial biomass N.
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STATISTICAL ANALYSIS
Overview

The variables of interest in this study which are subject to statistical analysis are
microbial biomass carbon (MBc¢) and nitrogen (MBy), soil organic matter (OM), soil total
nitrogen (N), soil total phosphorus (P), soil pH (pH), soil water content (WC), and soil
respiration. The terminology and approach to the statistical analysis follows that of Zar
(1996). Full data-sets can be found in Appendices I and II. The objective of the statistical
analysis was to determine if the independent or fixed variables (i.e. harvesting
treatment and time of sampling) affected the dependant or response
variables. In all cases “a”, or the probability of committing a Type I error,
was set at 0.05.

The data were investigated carefully for outliers. Side-by-side dot plots were
constructed to aid in the identification of any outliers. However, after a thorough search
all datum points were left in the analysis because there was no just cause for elimination.
For example, the pH value of one of the control plots in the organic soil horizon was
measured at 3.12, which was much lower than all the other points measured. However, a
pH of 3.12 is a reasonable value on a control plot that has a high input of acidic foliage.
Therefore, this datum, as well as others like it, remain in the data sets.

In the case of the respiration data, an analysis of variance (ANOVA) was based on
a two-way factorial, completely randomized design (see subsequent section for details).
One-way analysis of variance (ANOVA) was employed to determine treatment effects, if

any, on the soil descriptors (OM, N, P, pH, and WC). . When appropriate, the LSD Post
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Hoc (Zar 1996) test for differences between treatment means was applied where the main
effect (biomass removal) was found to be significant, and bar charts were constructed to
demonstrate any differences. In an initial survey for variable response, MB¢ and MBy
were also subject to two-way ANOVA, line graphs of MB¢ and MBy over time were used
to identify trends and shed light on interaction effects.

As stated in the Literature Review, soil characteristics, such as pH, OM content
and nutrient levels, are reported to 1) change in response to disturbance events and 2)
appear to affect the structure and function of soil microbial communities. The
investigative approach taken in this study therefore included a number of these variables in
anticipation that the application of covariance analysis might assist in the interpretation of
results through either 1) adjusting for sources of bias on the response variable or 2)
throwing light on the nature of treatment effects in randomized experiments (Snedecor and
Cochran 1967).

In order to explore and identify relationships between MB¢ and MBy, and the soil
descriptors, scatter plots were constructed and Pearson and Spearman correlation
coefficients were computed. Both correlation tests compute a value between +1 and -1.
The closer the value is to either extreme, the more highly correlated are the two
parameters. The Spearman correlation differs from the Pearson in that it uses ranked data
rather than absolute numbers. This reduces the effect of extreme data points (Zar 1996).
Given that some soil descriptors exhibited correlation with either or both MBcand MBy,
the investigation of the data was then conducted using analysis of covariance (ANCOVA).

Microbial biomass data are treated as a split-plot design with covariates, with the mineral
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and organic layers separate. One difficulty associated with this approach and this data set
is the resultant limited number of degrees of freedom, particularly when cases with unfilled
cells were excluded from the ANCOVA.

All data were analyzed using DataDesk 6.0 software (Velleman 1997). Tests of
normal variance were run on the data and they met a normal variancg of distribution of
means, as assumed by the Central Limit Theorem (Zar 1996). Expected mean square
(EMS) tables were constructed to determine the appropriate tests for the null hypotheses,
as well as to confirm the significance of the various response variables measured by the
analysis of variance. Bar charts present treatment means and illustrate the results of the

LSD Post Hoc tests.
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Soil Respiration
As stated previously, the soil respiration data were subjected to a two-way analysis

of variance with a completely randomized design (CRD). This design may be represented

by the following equation:

Yija = pt Ti + Dj + TDj + £ Eq 12.
1=1,2,3; j=12; k=12,.,15

where

Yix = the carbon evolution of the k™ tin of the jth sample date within the i" treatment.

11 = the overall mean.

T; = the fixed effect of the i™ treatment.

D; = the fixed effect of the j" sample date.

TD; = the fixed interaction effect of the i™ treatment with the j"™ sample date.

€ix = the random effect of the k™ tin in the ij* treatment combination,

assumed IID N(0, o).
The treatment (T) factor represents three levels of biomass removal: control, tree-length,
and full-tree. The sample date (D) is represented by two different sample dates on which
the respired carbon was measured at different locations within the selected plots.
The expected means square (EMS) table (Table 2) will help to determine the test statistic
for the following null hypotheses:

i. Hy(T)=0;

ii. H,: (D)=0;

iii. H,: (TD)=0.
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Table 2. EMS table associated with Eq 12.

2 15

rrj
'

Source i1 ] k df | EMS

T, 0 2 15 2 | #+30(D

D, 3 0 15 | 1 |o2+45(D)
TD; 0 0 15 | 2 |62+ 15(TD)
EGjk 11 1 84 | 02

Microbial Biomass
The analyses of the microbial biomass carbon and nitrogen in the organic and
mineral soil horizons are represented by a two-factor analysis of covariance
(ANCOVA) with the possible inclusion of up to five covariate variables
(note: covariates were included only if the Pearson correlations were
significant at a = 0.05). This ANCOVA followed a split-plot design, whereby
the harvest treatments were allocated to the main plots with 3 replicates and the month
factor was allocated to the subplots. This experiment may be represented by the following
linear model:
Yija = pt Tit+ 0g; + &g + Mk + TMi+ OMgjk + € Eq 13.
1=1,23;, j=123;, k=12734,
where
Yii = the microbial biomass of the soil sample for the k™ month in the ™ plot within the
i™ treatment.

il = the overall mean.



48

T; = the fixed effect of the i™ harvest treatment.

®@ = the random effect of the | plot within the i™ harvest treatment. The Wy'S
are assumed to be IID N (0, ).

??8g) = the restriction error due to the restriction on the randomization of the 4 months
within the j plot within the i harvest treatment. The §'s are assumed to
be IID N (0, ¢°).

M, = the fixed effect of the k™ month.

TM, = the interaction effect of the i harvest treatment with the k™ month.

@My = the interaction effect of the k™ month with the jth plot within the i™ harvest

treatment.

€il = due to bulking, there is no between sample variability of the k™ month in the j™

plot within the i treatment.

The month (M) factor represents four points in time: May, June, July, and August.
The treatment (T) factor is described by three levels of biomass removal: control, tree-
length, and full-tree. .Also, theoretically up to five covariates (pH, N, P, OM, and WC)
could be included depending on the strength of their relationship to the dependent variable
(measured with the Pearson Correlation test). The expected means square (EMS) table
(Table 3) is used to determine the test statistic for the following null hypotheses:

i H,: (T)=0;

ii. He: M) =0;

ii. H,e (TM)=0.
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The table would include the covariate factors where appropriate.

Table 3. EMS table associated with Eq. 13.

1 3 3 4
F F RF

Source 1 3 k 1 df | EMS

T; 1 0 3 4| 2 |[o*+48°+4w’+12¢ (T)

)i 11 3 4| 6 |*+486°+4e°

8i) 11 1 4]0 |d2+48°

M 1 3 3 0 3 [+ ot 9o (M)

TMy 1 0 301 6 |d+aoy+3¢(TM)

M i 1 1 1 0 |18 | o+ ey

€60 11 1 1 0 |o

*The degrees of freedom will vary depending on the number of covariate factors included in the analysis.
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RESULTS

BACTERIOLOGY

The objective of the bacterial culturing was to determine if increasing levels of
biomass removal would result in differences in the bacterial species isolated from the
treated plots. Throughout the sampling season, the amount of cultures produced on the
plates of solid media varied. Quantitatively speaking, in May a very high number of
bacterial cultures were produced in each of the six dilutions up to 1:1 000 000. As the
season of study progressed, the number of cultures gradually declined, and in August only
a few cultures were produced in each of the first three dilutions, up to 1:1000.

Five different bacterial species were isolated from the soil collected from the
sample sites: Chryseomonas luteola, Pseudomonas fluorescens, Aeromonas salmonicida,
Serratia marcescens, and Syntrophomonas multifilia (Table 4). These species each
occurred on all three treatment plots (control, tree-length, and full-tree), except for .

fluorescens which only occurred on the harvested plots. The number of colonies counted
varied, however, a greater amount was generally observed from samples of the organic
horizon compared to the mineral layer. Furthermore, species occurrence varied from
month to month. For example, S. multifilia was found during June and July in the organic
horizon, and during August in the mineral horizon. However, C. luteola was present

throughout the entire season in both the organic and mineral horizons.
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