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1.0 Executive Summary
This report focuses on the topic of calcium deficiency in Algonquin Provincial Park in
Ontario, Canada. Calcium deficiency is an increasing concern in the Park as a result of land use
management; it is the only park in Ontario that allows commercial logging to occur. This has led
to an inclination by those with a vested interest in the conservation of the Park to conduct
research regarding the possible impacts that these logging activities may have on the ecosystem.
Calcium is an essential component in watershed ecosystems as it contributes to the shell and
skeleton integrity of aquatic organisms and facilitates the growth and structure of trees. In this
report we will provide an introduction to the Park’s ecology, followed by a detailed investigation
of possible mechanisms and pathways of calcium deficiency by means of a literature review. The
goals of this literature review are to explore how calcium behaves in the Algonquin Park
ecosystem, to determine external chemical and physical factors that can lead to calcium
deficiency, and to examine current forestry techniques and their impacts involving calcium in the
Park.
The Algonquin Dome, a high relief hill in the Park, gives rise to distinct climates and
soils across the region. West of the Dome lies moist granitic soils dominated by hardwoodhemlock forests, and east of the Dome lies drier sandy soils dominated by pine-poplar forests.
The potential mechanisms of calcium deficiency across all Algonquin Park soils are discussed,
such as the inherently calcium-poor parent material, poor buffering capacity, and calcium
interactions with soil nutrients. A west-east site-specific investigation of calcium deficiency
follows, with calcium losses potentially attributed to leaching from high amounts of rainfall in
the west and tree uptake on both sides of the Park.
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Calcium retention and behaviour in soils are explored, with the conclusion that the main
mechanisms of calcium retention within the soils arises from the charged sites of clay and oxide
minerals as well as soil organic matter. The most significant general mechanism of calcium
retention in soils is cation exchange with clay particles; however, Algonquin Park’s soils are
clay-poor and thus do not retain calcium strongly.
The process by which acid deposition interacts with calcium in Algonquin Park is
reviewed. Pollutants from the Inco Superstack in Sudbury, Ontario are blown over the Park as a
result of northwesterly prevailing winds. Precipitation over Algonquin Park washes pollutants
out of the air, leading to the formation and deposition of sulfuric acid mist (H2SO4) and nitric
acid (HNO3). These species cause soil calcium leaching, aluminum mobilization, nitrogen
saturation, and nutrient stripping of leaves, all the while advancing the overall decline of calcium
in Algonquin Park.
The role of calcium in tree physiology is then examined, followed by a discussion of
current commercial logging practices and their consequences for calcium. Calcium is a vital
nutrient in many physiological processes affecting the cell wall, lignin content, wood fiber,
vessel size, and wood increment of trees, which under deficient conditions leads to changes in
mechanical properties. Algonquin Park’s forest management system strives for ecological
sustainability; however, some contributions to calcium deficiency are still generated. Whole-tree
harvesting leads to greater soil calcium deficiency compared to stem-only harvesting. This is
because the former increases the potential for leaching and also removes the forest debris and
litterfall that act to replenish calcium in the ecosystem.
A review of the association between aquatic organisms and calcium is also conducted and
applied to Algonquin Provincial Park. The findings suggest that there is a reduction in the
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growth rate of mussels, and a threat to macroinvertebrate species richness and an overall decline
in species abundance. Though fish were not found to be directly affected by calcium deficiency,
the trophic cascades resulting from decreased biodiversity impacts the overall ecology, including
fish health.
The variety of reviewed academic literature addresses many mechanisms regarding the
emergent issue of calcium deficiency in Algonquin Park. The quality and quantity of inferences
made from existing literature is high and the mechanisms discussed are plausible for a forested
watershed such as Algonquin Park. However, there is a gap of knowledge in reviewing calcium
deficiency from certain perspectives, particularly in the area of mechanisms specific to the
eastern side of Algonquin Park. Overall, current literature gives the impression that calcium
deficiency is becoming a pressing issue and research on this subject is growing rapidly. Further
research will certainly yield more answers in the future.

2.0 Introduction
Algonquin Provincial Park is the first and oldest provincial park in Canada and contains a
diverse range of animal and plant species. The Park also has a unique geological structure
overlying the Canadian Shield, which gives rise to moist granitic soils in the west and sandy
outwash soils in the east (Remmel, 2009). Algonquin Park is located in a transition zone between
northeastern pine-poplar forests and southwestern deciduous forests, and thus provides many
ecosystem services for the Park. Some of these services include recreational activities, logging,
and scientific experimentation.
Our client, Algonquin Eco Watch (AEW), has identified that calcium deficiency poses a
potentially major problem to the Park’s ecosystem and has requested that a literature review be
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performed regarding on the mechanisms and impacts of calcium deficiency. AEW is concerned
that a decrease in calcium will upset the delicate balance of the Park’s ecosystems, affecting tree
growth and fish populations. They have identified several factors that may be contributing to this
issue. Firstly, it is likely that the parent materials from which the soils present within the area are
derived from are naturally low in calcium (Straaten, 2007). It has also been noted that sulphur
dioxide, among other pollutants, is blown northwest over the Algonquin Dome from the Inco
Superstack in Sudbury, ON (Mike Wilton, personal communication, 2013). These pollutants
result in the formation of acid rain, which chemically removes calcium from soils and severely
reduces the buffering potential. There is also concern that the continued logging of the area may
amplify the issue of calcium deficiency and have a negative impact on the surrounding terrestrial
and aquatic ecosystems.
The literature review contained in this report will identify any gaps of knowledge
surrounding calcium deficiency and its impacts on ecosystems, and will also present known
information pertaining to the significance of calcium and the mechanisms by which deficiency
arises due to both chemical and physical factors (i.e. acid rain, tree harvesting, and soil
influence). Overall, the report aims to provide direction for future investigations or evaluations
relating to calcium deficiency within Algonquin Provincial Park.

3.0 Goals and Objectives
The goal of this report was to provide a comprehensive and impartial review of the
emergent subject of environmental calcium deficiency in the context of Algonquin Provincial
Park and its associated watersheds. This was completed with the intention of providing thorough
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insight and understanding of the subject for the non-profit organization Algonquin Eco Watch.
Comprising this goal were four primary objectives:
1. To consider the implications of calcium deficiency for aquatic organisms, with particular
emphasis on macroinvertebrates, brook trout, and other cold water species.
2. To provide perspective regarding the mobility and leaching of calcium for both of Algonquin
Park’s major ecosystems: moist granitic soils with hardwood-hemlock forests and drier sandy
soils with pine-poplar forests.
3. To determine external chemical and physical factors that lead to calcium deficiency (i.e. air
pollution, weathering, etc.).
4. To investigate current forestry practices and consider the mechanisms by which forestry
activity may influence calcium deficiency.

4.0 Methods
Over the course of the past seven months, MobiliCa2+ has performed a detailed search
through academic journals in order to compile a comprehensive summary of scientific literature
on the topic of calcium deficiency in the context of the unique environmental conditions in
Algonquin Provincial Park. This was accomplished using a variety of search engines and key
search terms with the goal of providing an informative background on the important biophysical
and anthropogenic interactions between calcium and Algonquin Park.
Research was performed primarily using resources accessed on the Internet, such as the
search engines Primo, Google Scholar, and Web of Science. Other literature was accessed
through the University of Guelph’s library or borrowed from University staff. Examples of the
key search terms used during online searches were: “acid deposition”, “acidic soils”,
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“aluminum”, “biological interactions”, “biomass”, “calcium”, “calcium adsorption”, “calcium
deficient*”, “calcium retention”, “cambia”, “Canadian shield”, “cation-exchange”, “cell
structures”, “chemical interactions”, “clay”, “forest”, “granitic soil”, “Great Lakes St.
Lawrence”,

“hardwood”,

“hemlock”,

“Hubbard

Brook

Research

Foundation”,

“Inco

Superstack”, “leaf litter”, “mechanisms”, “minerals”, “net primary production”, “nutrient
concentrations”, “nutrient gradients”, “pollution”, “pine OR poplar”, “roots”, “sandy soil”, “soil
retention”, “tree species”, “uptake OR transport* OR leach*”, “weathering”, and “wood
production”.
A breakdown of the methods by which this report was completed is illustrated in the
following timeline:
•

•

•

•

September 2013
o After being presented with the problem of calcium deficiency in a written briefing
by AEW, we identified the aspects of the issue that each member of MobiliCa2+
was most familiar with, given our unique academic experiences
o Began preliminary research on the topic of calcium deficiency and on the
ecological history of Algonquin Park
o Made a list of contacts who could be consulted for their expert opinion on various
topics in the report
October 2013
o Established contact with Algonquin Eco Watch and met with Mike Wilton of
AEW to gain a better understanding of the scope of the problem and expectations
for the report
o Drafted an annotated bibliography of current research related to calcium
deficiency in the context of Algonquin Park
o Drafted a Work Plan to guide the process of research and report-writing over the
coming months
November 2013
o Determined a tentative structure for the report and divided more specific research
responsibilities among members of MobiliCa2+
o Began research of the academic literature related to our individual topics using the
online search engines Primo and Google Scholar, as well as the literature
available through the University of Guelph’s library
December 2013
o Drafted a formal project proposal to communicate how we intend to approach the
problem presented by AEW, detailing our goals and objectives, our timeline for
the project, and a brief literature review
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Continued research on our individual topics using the strategies previously
mentioned, as well as the online search engine Web of Science
January 2014
o Contacted Dr. Les Evans, Dr. Shaun Watmough, and Dr. Norman Yan for their
expert opinions on topics related to calcium deficiency and for guidance on how
best to proceed with our research
o Contacted Christie Davies, a scientist with the Ontario Ministry of the
Environment’s Lake Partner Program, regarding water quality data of lakes in
Algonquin Park
February 2014
o Continued research on our individual topics and began synthesizing our various
research topics into a report format
o Communicated with the University of Guelph’s Data Resource Centre to
determine if any useful geographical information was available
o Sent an abstract of our report to Mike Wilton of AEW for submission to the
Canadian Water Resources Association Congress, in order to have a scientific
poster of our project included at their June 2014 conference
March 2014
o Designed the scientific poster, summarizing the conclusions we were able to draw
from our literature review
o Compiled the rough draft of our final report and began the editing process
April 2014
o Completed proofreading of the report
o Submitted the finished report to AEW
o

•

•

•

•

5.0 Literature Review
5.1.0 Park Ecology
5.1.1 Introduction to the soils of Algonquin Park
The microclimate, vegetation, and hydrology are not uniform across Algonquin Park;
there is a distinct difference between the western and eastern sides. These differences are mainly
attributed to the high-relief dome, also known as the Algonquin Dome, which lies in the centre of
the Park’s boundaries. The glaciation and fluvial activity that formed the Algonquin Dome
resulted in the deposition of non-calcareous sediment throughout the Algonquin area, which in
turn led to the development of the podzol soils of Algonquin Park (Remmel, 2009). The Dome is
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the remnant of ancient mountains, and has a relief of 350 - 480 metres above sea level on its
western side (Remmel, 2009). This elevation generates cooler, wetter conditions on the western
face of the Dome and drier conditions on the east face due to the moistened westerly winds from
Georgian Bay and Lake Huron that cool and precipitate as they rise over the Dome (Remmel,
2009). The eastern side of the Park receives around 50 mm less precipitation than the western
side, and is overlain by post-glacial silts with predominantly sandy soils (Remmel, 2009). The
western side is characterized by moist, less well-sorted granitic soils.
The underlying geology of Algonquin Park was formed approximately 1.2 billion years
ago during the Grenville orogeny (Ontario Ministry of Natural Resources, 1977). This brief
period in geologic time created non-metamorphosed crystalline granite rocks, but presently many
types of metamorphosed gneissic rocks are more prevalent in the Park (Strickland, 1989). These
rocks contain minerals such as quartz, feldspar, biotite, fluorite, and nepheline syenite (OMNR,
1977). This type of bedrock gives rise to acidic, nutrient-poor soils that are agriculturally
unproductive (Chapman and Putnam, 1984). As a result, Algonquin Park remains uncultivated
and has become dominated by tolerant natural vegetation on both sides of the Dome (Remmel,
2009). The east and west side of the Park may have their own isolated mechanisms of calcium
deficiency specific to their respective microclimate and soils. This will be discussed in Sections
5.2.0 and 5.3.0. However, there are some important mechanisms of calcium deficiency that could
be attributed to all of Algonquin Park’s soils, such as the inherently low calcium content due to
the bedrock and weathering rates, the poor buffering capacity of the soils, and the interactions of
calcium with other soil nutrients.
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5.1.2 Low calcium due to bedrock mineralogy and weathering rates
Calcium deficiency in Algonquin Park could most strongly be attributed to the bedrock.
Algonquin Park’s soils are created from weathered bedrock and broken down glacial till, and soil
formation is dependent on climate, organisms, relief, and time (Ashman and Puri, 2002). Thus,
the chemical composition of the original unweathered rock heavily influences the mineral
content of the soil (Ashman and Puri, 2002). As mentioned above, the most common minerals
present in Algonquin Park’s soils are quartz (SiO4), potassium feldspar (KAlSi3O8) and biotite
(K(Mg,Fe)3(AlSi3O10)(F,OH)2), all of which are not major calcium-bearing minerals (OMNR,
1977). Lawrence et al. (1997) found that variability in soil calcium concentrations is a function
of local differences in soil mineralogy. Therefore, calcium deficiency in the soils of Algonquin
Park could be attributed to the calcium-poor parent material (Lawrence et al., 1997). Feike et al.
(2003) studied calcium dynamics in well-drained, acidic soils derived from granitic material similar to the characteristics of the western side of Algonquin Park - and found the same results
as Lawrence et al. (1997). This further supports the possibility that the calcium deficient soil
could be caused by the low ca content in the parent material.
The aforementioned influences on soil formation - climate, organisms, relief, and time are also the controls on soil weathering rates. The chemical weathering of minerals is an
important part of the natural cycle of nutrients in an ecosystem, as it is the main nutrient input to
the system and replenishes lost nutrients (Lawrence et al., 1997). Despite the external influences
on chemical weathering rates, minerals generally have their own resistance to weathering
dictated by their chemical structure or bonding (Donahue et al., 1977). Some of the minerals
most resistant to weathering are quartz, muscovite, potassium feldspar, and biotite, almost all of
which are prevalent in the western portion of Algonquin Park (McLeish, 1986). Granitic and
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gneissic rocks contain high amounts of these resistant minerals, making the bedrock and minerals
present in the western side of the Park exceedingly resistant to chemical weathering (Fieke et al.,
2003). Thus, the concentration of exchangeable calcium in the soil is a function of the
weathering rate of the soil (Feike et al., 2003). Lawrence et al. (1997) found that areas with high
concentrations of exchangeable calcium were found in sites where the rate of parent material
weathering was the highest. Consequently, the fact that the Park has weather-resistant soil,
compounded with an already low calcium content in its bedrock, means that there is likely a
considerable number of mechanisms in place to cause calcium deficiency in the western portion
of Algonquin Park.
5.1.3 Poor buffering capacity of soils
The buffering capacity of a soil is essentially the ability of the soil to neutralize excessive
acidity or alkalinity (Donahue et al., 1997). It is a function of its cation exchange capacity (CEC)
(Donahue et al., 1977). The CEC of a soil is the maximum amount of exchangeable cations
(usually base cations such as: Ca2+, Mg2+, Na+ and K+) that a soil can hold at a given pH (Cornell
University Cooperative Extension, 2007). A soil’s CEC increases with increasing clay content
and organic matter, as these particles or soil colloids are negatively charged and allow the soil to
“hold” more cations (CUCE, 2007). A soil’s CEC is also dependent on its pH: as pH decreases,
the soil becomes more acidic because of an increase in the amount of H+ and Al3+ ions in the soil
solution (Havlin et al., 1998). These cations will replace the base cations, like Ca2+, on the soil
colloids, and therefore those base cations are no longer held by the soil colloids (Havlin et al.,
1998). They become present in the soil solution where they can be leached, and the soil CEC
decreases (Havlin et al., 1998). Therefore, the lower the CEC and the buffering capacity of the
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soil, the less able the soil is to hold on to important base cations such as Ca2+ (Moore et al.,
1998).
Soils with a low CEC are more susceptible to nutrient deficiencies in calcium,
magnesium, or potassium because the soil has little to no clay or organic matter to hold on to
these important cations, and so they are simply lost to leaching or plant uptake (Houle et al.,
2006). Therefore, the calcium deficiency experienced in Algonquin Park could also be attributed
to the nature of its soils. Strickland (1989) describes the parent material on the west side of
Algonquin Park as thin, coarse-textured glacial tills, and on the east side as overlain by thick
sandy outwash plains. This, in turn, gives rise to a humo-ferric podzol soil (Strickland, 1989).
This soil generally has less than 10% organic content, a low pH, and is clay-poor (Agriculture
and Agri-food Canada, 2013). Therefore, the soils in Algonquin Park have no fundamental
mechanisms to hold on to calcium, and it is easily lost by leaching or plant uptake. This is
contributing to calcium deficiency in the Park.
Calcium deficiency could also have implications for water quality, as Algonquin Park
contains the source water of 8 Ontario rivers: the Magnetawan, South, Amable du Fond,
Petawawa, Bonnechere, York, Madawaska and Muskoka (Remmel, 2009). The acidification of
these waters could become an issue if there are not enough base cations present to properly
buffer the soil solution upstream (Couture, 1995). This could have serious implications for
aquatic life, specifically those species that are sensitive to reductions in pH and calcium, such as
Brook Trout (Cleveland et al., 1991). This subject will be explored in more detail in Section
5.6.0.
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5.1.4 Calcium interactions with other soil nutrients
The deposition of acidic contaminants via rainfall over Algonquin Park has had
consequences for both nutrient cycling and tree growth within the eastern portion of Algonquin
Park’s soils (Potvin Air Management Consulting, 2004). In addition to lowering pH, acid
deposition can deplete base cations like calcium from soils, and is believed to be connected with
forest decline in northern hardwood forests like the poplar species of Algonquin Park (Minick et
al., 2011). However, even the minimal research that has been conducted on this subject does not
lead to any concrete conclusions. This subject will be further explored in Section 5.5.0.
Minick et al. (2011) found that calcium depletion in the soils of the Hubbard Brook
Experimental Forest (HBEF) in New Hampshire, USA was linked to nitrogen and phosphorous
cycling, but these nutrient relationships are very complex. Minick et al. (2011) ultimately
concluded that net nitrogen mineralization increased during the mid-growing season as a result
of low calcium availability; however, the seasonality of the result combined with the complicated
interactions between phosphorous and calcium point to a connection between calcium deficiency
and nitrogen cycling that is not so straightforward. In addition, the functional response of the soil
varied between the Oe and Oa horizons, indicating that even subtle differences in soil
characteristics can unpredictably change the way an ecosystem behaves under calcium
deficiency (Minick et al., 2011). The HBEF exists on sandy podzol soils with a similar
geological history to Algonquin Park, so it follows that these conclusions are applicable to the
acidic, calcium-deficient soils of Algonquin Park (USDA Forest Service, 2013). With that in
mind, it is difficult to identify the specific mechanisms by which calcium depletion impacts the
Park’s soils, and more research is required to analyze the complex nutrient interactions under the
Park’s specific soil conditions.
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Calcium also interacts with aluminum in soils. As was mentioned above, an increase in
the acidity of soils means less “adsorption” of base cations and more H+ and Al3+ present (Havlin
et al., 1998). Calcium and aluminum have unique chemistry. Aluminum saturation of soils,
which is also brought about by acidification, reduces the ability of the shallow soil to store
calcium in an exchangeable form (Lawrence et al., 1995). Additionally, another characteristic of
humo-ferric podzol soils is that aluminum colloids are found in the Bf horizon (AAFC, 2013).
For example, Driscoll et al. (2001b) have found that acid deposition on inherently acidic soils
can transfer aluminum colloids into its soluble, toxic form. This can also have implications for
surrounding flora, as Shortle and Smith (1988) have found that aluminum-induced calcium
deficiency causes a high mortality in red pine stands. Additionally, many fish species present in
the Park are sensitive not only to pH changes, but also to aluminum toxicity (Driscoll et al.,
2001b). Since the Algonquin Park soils are both calcium-poor and acidic, this could be a
potential mechanism causing calcium deficiency.
5.1.5 Conclusion
It has been illustrated here that there are a large number of complex mechanisms
contributing to calcium deficiency in Algonquin Provincial Park. The mechanisms mentioned
above seem to be the most relevant and studied in primary literature. The inherently low calcium
content and rate of weathering of the parent material is likely the most influential factor in
determining the presence of calcium deficiency. Additionally, the poor buffering capacity of the
soil and the calcium interactions with other soil nutrients can also play a key role in calcium
depletion within the Algonquin ecosystem.
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5.2.0 Western Moist Granitic Soils with Hardwood-Hemlock Forest
5.2.1 Introduction
The parent material of western Algonquin Park is thin, poorly sorted, coarse-textured
glacial till, with some bedrock exposure due to erosion (Remmel, 2009). The soil, microclimate,
and topography of this area of the Park have given rise to hardwood-hemlock forests. Tree
species include yellow birch (Betula alleghaniensis), sugar maple (Acer saccharum), American
beech (Fagus grandifolia), and Eastern hemlock (Tsuga canadensis) (Strickland, 2006). Also
present are some coniferous species and Eastern white cedar (Thuja occidentalis) (Strickland,
2006). The heterogeneity in this area of the Park makes it difficult to attribute the lack of calcium
to one factor; however, there may be some identifiable mechanisms specific to the western
portion of Algonquin Park that contribute to the overall deficiency in calcium. These
mechanisms include leaching from high amounts of rainfall and uptake by the hardwoodhemlock forest.
5.2.2 Calcium leaching from rainfall events
The western slope of Algonquin Park experiences a higher number of rainfall events due
to moist air masses originating from Georgian Bay. These air masses, with the help of prevailing
winds, precipitate on the western slope of the Algonquin Dome (Remmel, 2009). Additionally,
the annual precipitation is higher than evapotranspiration, creating a surplus of moisture for
groundwater recharge and runoff (Remmel, 2009). High amounts of rainfall and subsequent
runoff or percolation can leach exchangeable cations, including Ca2+, out of the soil (Lawrence et
al., 1997). This is a possible mechanism of calcium deficiency in forested watersheds such as
western Algonquin Park (Federer et al., 1989).
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5.2.3 Calcium uptake by hardwood-hemlock forest
As previously stated, trees are capable of calcium uptake into their tissues. Hendrickson
et al. (1986) studied the nutrient content in various tree species and found that hardwood species,
such as aspen (Populus tremuloides), balsam fir (Abies balsamea), red maple (Acer rubrum),
white birch (Betula papyrifera), and white spruce (Picea glauca), had higher calcium
concentrations than that of pine species (Figure 1, Appendix). Based on the findings of this
study, calcium uptake by the hardwood species present in western Algonquin Park could be
another potential mechanism of soil calcium depletion. Hardwood species have higher calcium
requirements and can therefore effectively diminish the available forms of calcium in the soil.
5.2.4 Conclusion
Based on the examination of current literature regarding calcium interactions with
environments similar to that of western Algonquin Park, it can be proposed that it is the high
amount of precipitation and the large calcium requirements of the hardwood tree species that are
the main contributors to calcium deficiency on the western side of the Park. In order to better
understand the complex interactions between these important nutrients within the separate
components of this ecosystem, future research should focus on calcium dynamics in moist,
granitic soils with vegetation typical of the Great Lakes-St. Lawrence forest region.

5.3.0 Eastern Sandy Soils with Pine-Poplar Forest
5.3.1 Introduction
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Sandy and gravelly glaciated materials are particularly notable on the eastern side of the
Algonquin Dome, through which many glacial lakes previously drained and left sandy outwash
deposits (Remmel, 2009). The resulting soil profile contains very shallow and nutrient-poor O
and A horizons covering a thicker, stony, and well-developed B horizon (Remmel, 2009). These
dry, sandy soils give rise to poplar tree species such as the largetooth aspen (Populus
grandidentata) and trembling aspen (Populus tremuloides). Also present are pine species such as
the eastern white pine (Pinus strobus), red pine (Pinus resinosa), and jack pine (Pinus
banksiana) (Remmel, 2009).
Although there is to some extent a gap of knowledge when it comes to research on the
topic of calcium deficiency in soil conditions akin to those in eastern Algonquin Park, some
basic conclusions can be drawn regarding the likely interactions between the calcium-deficient
sandy soils and the pine and poplar trees of the Park’s northeastern forests.
5.3.2 Calcium interaction with pine-poplar forest
Although current research on calcium deficiency in sandy podzol soils is rather
inconclusive, there is evidence of some links between the pine and poplar trees of eastern
Algonquin Park and decreasing soil calcium. Information regarding the effects of logging on
calcium and Scots pine is detailed in Section 5.7.4. As will be discussed in more detail in Section
5.6.0, calcium also plays a significant role in the structure, chemistry, and physiology of wood
formation in poplar trees (Lautner et al., 2007; Lautner and Fromm, 2010). In their discussion of
the role of calcium as a growth regulator, Lautner and Fromm (2010) describe the nutrient’s
importance in intracellular and long-distance electrical signalling. The researchers determined
that calcium is essential in allowing poplar trees to respond to environmental stresses by way of
both electrical coordination of responses within the trees and the actual regeneration of woody
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tissue following a disturbance. It is therefore important to keep in mind that the depletion of
calcium in the sandy soils of Algonquin Park’s northeastern forests could have negative
consequences for the stress response and structural health of poplar trees.
5.3.3 Conclusion
Based on the current academic literature, it is evident that calcium deficiency can pose
certain complications to the eastern Algonquin Park ecosystem involving soil nutrient
interactions with vegetation and with each other, depending on the logging practices being used.
Further research is also needed regarding the consequences of other processes, such as acid rain
(Section 5.5.0), to truly understand the role of calcium deficiency on the eastern side of
Algonquin Park.

5.4.0 Calcium Retention and Mobility
5.4.1 Introduction
The retention of calcium within soils is largely dependent on the chemical, physical, and
biological composition of the soil (Evans, 1989). The pH of a soil is the driving factor behind the
speciation of ions within the soil solution, and as the dominant species of calcium complexations
change with pH so do its properties (Echeverria et al., 1998). These properties include charge,
reactivity, mobility, and retention (Evans, 1989). The various species of an element are located
within the soil solution, where both inorganic and organic complexes are formed (Evans, 1989).
Calcium is commonly known to form complexes with hydroxide ions, bicarbonate, carbonate,
and sulphate (Straaten, 2007). Species such as these are common sources of exchangeable
calcium in many soils (Echeverria et al., 1998). However, in the largely sandy, acidic, and
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granite-derived soils found within Algonquin Park, these species would likely not be abundant
(Straaten, 2007). Any calcium complex present within the soil would likely dissociate due to the
low pH values, forming Ca2+ ions that are naturally drawn to negative charges within the soil
(Evans, 1989). There are three main constituents of the soil that could retain these ions: the
permanently charged surface sites of phyllosilicate clay minerals, the variable edge charge sites
of clays and oxide/(oxy)hydroxide minerals, and the soil organic matter (Evans, 1989).
5.4.2 Retention by clays
In their most basic form, all phyllosilicate clay minerals are composed of a combination
of silica-based tetrahedral sheets (Si2O52-) and aluminum dioctahedral (Al2(OH)6) or magnesium
trioctahedral (Mg3(OH)6)-based sheets (Evans, 1989). The structure of these sheets causes
phyllosilicate clay minerals to have two sources of charge: the permanent surface charge and the
variable edge charge (Evans, 2012). The permanent surface charge of clays is generated by either
isomorphic substitution or non-ideal octahedral occupancy (Evans, 2012). Isomorphic
substitution is the replacement of one cation within the structure of a clay mineral with another.
This occurs when Si4+ is replaced with Al3+ within the tetrahedral layer, Al3+ with Mg2+ or Fe2+
in the dioctahedral layer, or Mg2+ with Li+ in the trioctahedral layer (Evans, 2012). Non-ideal
octahedral occupancy is related to how many octahedral positions are filled within a sheet. The
sheet is within an ideal or preferable state when it has achieved a neutral charge. Within a
dioctahedral sheet, preferably two of three positions are filled with trivalent cations (Me3+). If
greater than two positions are filled, then a positive charge is generated. If there are fewer than
two positions filled, then a negative charge is generated (Evans, 2012). The situation is similar
for trioctahedral sheets, where ideally all three of the three octahedral positions are filled with
divalent cations (Me2+) (Evans, 2012). In this situation, filling fewer than all three of the three

'*!
!

positions produces a negative charge (Evans, 2012). While it is possible to generate a positive
charge by substituting a lower valence cation with a higher valence cation (e.g. Al3+ with Ti4+ in
the dioctahedral layer), or by filling more than two octahedral positions in a dioctahedral layer,
the amount of negative charge always dominates the structure and produces a net negative charge
(Evans, 2012). The overall negative charge of clays allows cations to become temporarily and
weakly adsorbed to their surfaces. This is known as non-specific adsorption (Alloway et al.,
2012). A clay’s ability to adsorb cations is reflected by its cation exchange capacity (CEC),
while the adsorption preference by which some cations are adsorbed over others is a function of
the element’s hydrated radius (Echeverria et al., 1998). In relation to the adsorption preference
for other divalent cations, calcium is fairly moderate; it is not as preferable as barium or
strontium, but more preferable than magnesium and beryllium (Echeverria et al., 1998).
5.4.3 Retention by oxide and (oxy)hydroxide minerals
Similar to the speciation of metals, the charge generated by the variable edge sites (!S) of
clays, oxide, and (oxy)hydroxide minerals is pH-dependent. In the case of variable charges, the
actual charge is generated by the amount of protons attached to bound oxygen (!S -O) (Evans,
1989). The charge of the edge hydroxyl groups has three states: negative (!S - O-), generated by
high pH; neutral (!S – OH0), generated by relatively neutral pH, and positive (!S - OH2+),
generated by low pH (Evans, 1989). These hydroxyl groups create sites for cations to be retained
(Evans, 2012). It is these negative charges that are responsible for retaining cations. Because the
relative amount of each site is controlled by pH, any increase in pH will result in an increase in
the amount of negative sites and thus increase the amount of cations adsorbed (Evans, 1989).
Unlike the permanent charge sites, cations attached to variable charge sites are strongly held
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through a process known as specific adsorption (Cofie and Pleysier, 2004). However, most
cations are held by non-specific adsorption in any given soil (Straaten, 2007).
5.4.4 Retention by organic matter
The formation, analysis, and structure of soil organic matter are a complex topic that is
not entirely understood in current scientific literature (Cofie and Pleysier, 2004). The
mechanisms by which organic matter retains cations, however, are fairly well understood (Cofie
and Pleysier, 2004). The determinant factor for the adsorption of cations onto organic matter is
the presence of various functional groups (Evans, 2012). The most significant functional group is
the carboxyl group, as it allows the molecule to behave as a weak acid (Evans, 2012). As such,
fulvic and humic acids are the fractions of soil organic matter that are largely responsible for
cation retention (Cofie and Pleysier, 2004). The carboxyl groups function similarly to the
variable charges of clays and oxide/(oxy)hydroxide minerals. Under high pH conditions, the
acidic H+ is removed, which leaves behind negatively charged bounded oxygen (R–COO-) with
the potential to form a complex with cations (Evans, 2012). As with clays and
oxide/(oxy)hydroxide minerals, the cations are strongly adsorbed through specific adsorption
(Cofie and Pleysier, 2004).
5.4.5 Mobility and availability
As was mentioned above, there are two types of retention: non-specific adsorption, where
an where ions are weakly held, and specific adsorption, where ions are strongly held (Alloway,
2012). In the case of non-specific adsorption, the cation is hydrated (surrounded by water
molecules) and as a result forms only a weak bond with the charged surface (Evans, 2012). This
allows the cation to be easily exchanged with its surroundings and thus become bioavailable
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(Evans, 2012). When an ion is specifically adsorbed it becomes strongly held by the charged site.
In this circumstance, the cation directly forms a complex with the charged site, becoming
immobile and therefore no longer bioavailable (Alloway, 2012). However, most cations within
soils are retained through non-specific adsorption, with very little specific adsorption occurring
(Straaten, 2007). The mobility – and the ability to be leached – of free or weakly adsorbed
calcium greatly increases in soils where there is a high concentration of H+ ions, and thus a low
pH, because the positive charges of the protons compete with those of the calcium ions for
negatively charged sites (Alloway, 2012; Straaten, 2007).
5.4.6 Conclusion
The current conditions of Algonquin Park are inadequate for significant retention of
calcium within the soil. The parent material from which the soil is derived is naturally low in
calcium, and the soil contains very little clay content. In combination with the low pH of the soil,
these factors result in any free or exchangeable calcium to be easily leached from the soil.
Without the addition of calcium through liming, the only calcium able to remain in the soil will
be strongly held by oxide, (oxy)hydroxide minerals, and organic matter.

5.5.0 Acid Deposition and Implications for Calcium
5.5.1 Introduction
Acid deposition, particularly in the form of acid rain, is important to Algonquin
Provincial Park pertaining to the concern over calcium deficiency in the Park. The main causes
of acid deposition are sulphur dioxide (SO2) and nitrogen dioxide (NO2) (Potvin Air
Management Consulting, 2004). Sulphur dioxide is the dominant acid in acid deposition; records
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since 1963 have found that in the northeastern U.S., sulphuric acid is responsible for 55–75% of
the measurable acidity (Likens et al., 1996). The Inco Superstack, located in Sudbury, Ontario, is
one of the principal sources of sulphur and nitrogen dioxide pollution in the province. Due to
northwesterly winds, pollutants from the Superstack are blown over the Park (Mike Wilton,
personal communication, 2013). Precipitation in the form of rainfall and snowfall can wash
pollutants out of the air, which forces the contaminants to deposit on the ground (Potvin Air
Management Consulting, 2004). Sulphur dioxide is a colourless gas created by the combustion of
sulphur-containing substances (Khoder, 2002). It can be transformed into sulphur trioxide (SO3),
which, in the presence of water, such as during rainfall, becomes sulphuric acid mist (H2SO4)
(Potvin Air Management Consulting, 2004). It is this substance that causes acidity on the ground
during and after deposition. The pollution that causes acid rain can also become a problem before
it is deposited. Sulphur dioxide can be oxidized to form acid aerosols (Potvin Air Management
Consulting, 2004). Also, the sulphuric acid mist produced from the emissions by the Inco
Superstack is able to strip off essential nutrients in the leaves and needles of trees in the Park (US
Environmental Protection Agency, 2012). This makes the trees less healthy and also more
susceptible to further damage from other environmental factors, such as colder weather during
the winter season (US EPA, 2012). Furthermore, nitrogen dioxide transforms into nitric acid
(HNO3) in the air (Khoder, 2002). All of this results in the acidification of the Park’s lakes and
terrestrial surfaces, which in turn leads to decreasing buffering capacity of the soil, leaching of
important nutrients such as calcium, and the mobilization of aluminum. Driscoll et al. (2001a)
illustrate the basic process by which acid deposition occurs and the responses that it elicits in a
forested ecosystem (Figure 6, Appendix). These responses will be further explained in the
following sections.
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5.5.2 Acid deposition and the leaching of calcium
It has been found that acid deposition may have a severe effect on the calcium-dependent
physiology of trees and overall forest health (DeHayes et al., 1999). Acid deposition causes
leaching and depletion of calcium as well as disruption of the calcium cycle (DeHayes et al.,
1999). Acid deposition leads to a decrease in soil pH, which causes important base cations,
especially lciumca, to leach from the soil into surrounding bodies of water (Juice et al., 2006).
Trees and other plant life can then no longer use these cations. Calcium and base cations are
depleted from the soil because they are being displaced from the soil by acid deposition at a rate
faster than they can be replenished by the breakdown of rocks or the deposition of more base
cations from the atmosphere (Driscoll et al., 2001a). In addition, the deposition of nitric acid can
increase the amount of nitrogen in the soil and amplify the problem; plant growth is stimulated
by the presence of nitrogen and increases the plant’s demands on a soil that is already losing
nutrients from the ongoing acidification (Sherman and Fahey, 1994).
DeHayes et al. (1999) found that not only does acid deposition lead to a depletion of soil
calcium, but it can also override soil calcium influences. This is illustrated by the fact that the
deposited acid actually decreases the concentration of calcium in plants grown in soils already
abundant in calcium. DeHayes et al. (1999) elaborate on this by explaining that the effects of
acid deposition are so severe that they are able to affect soils already abundant in calcium. This
could have dire consequences for forest health and ecosystem stability.
5.5.3 Acid deposition and buffering capacity
As mentioned in Section 5.1.3, the buffering capacity of a soil is extremely important.
The chemicals from the Inco Superstack affect the soil in Algonquin Park by severely reducing
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its buffering capacity. Without a high buffering capacity, soils easily become more acidic. As
nitrate and sulphate anions move through the soil, cations – especially calcium and magnesium,
most commonly – are removed from exchange sites in order to maintain charge neutrality in the
soil solution (Adams, 1999). All of this leads to further issues for ecosystem health
5.5.4 Acid deposition and policy-making
Calcium inputs to ecosystems have dropped nearly 50% since 1965, and this deficiency
has been found to potentially contribute to a slower recovery period after acidification (Adams,
1999). DeHayes et al. (1999) also support this statistic, stating that the pool of calcium in the soil
complex may have decreased as much as 50% during the past 45 years as a result of acid
deposition. They continue to explain that despite environmental legislation, the acidity of
precipitation – especially in eastern North America – does not seem to be decreasing as a result
(DeHayes et al., 1991). Driscoll et al. (2001a) agree that policy makers cannot solve acid
deposition and the subsequent acidification of forested ecosystems through a simple resolution.
Despite the fact that management actions in North America have led to a decrease in emissions
and deposition of acidic sulphur compounds, the problem is still extremely complex (Driscoll et
al., 2001a). They conclude with this warning: that further protection is needed for surface waters
and forest soils against the growing anthropogenic acidification. Acid deposition remains a
critical environmental stress (Driscoll et al., 2001a).
5.5.5 Possible difficulties in finding a solution
Hamburg et al. (2003) agree with many of the other authors cited here that prolonged
exposure to acid rain does indeed seem to be linked to a decrease in the availability of base
cations in forest soils. With smaller and smaller pools of calcium available, forest health cannot
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be sustained in the long-term (Hamburg et al., 2003). However, Hamburg et al. (2003) explain
that it can be difficult to separate the effects of acid rain from other unrelated changes, especially
regarding the age of tree stands. The authors have found that in younger stands of trees (< 30
years old) the supply of calcium from the mineral soil to other parts of the ecosystem can be
large (approximately 3.3–4.7 g m-2 yr-1), while in older stands (> 100 years old) the supply of
calcium can be negative or negligible (approximately -1 g m-2 yr-1) (Hamburg et al., 2003). They
conclude that changes in soil calcium in maturing forests do not necessarily indicate an important
decrease in bioavailable calcium. Trace amounts of apatite may be a possible source of calcium
that could be used for forest regrowth (Hamburg et al., 2003).
5.5.6 Aluminum mobilization caused by acid deposition
Acid deposition changes the cycles and interactions of many elements such as hydrogen,
sulphur, nitrogen, calcium, magnesium, and aluminum. Aluminum is mobilized in soil by acid
deposition (DeHayes et al., 1999; US EPA, 2012). This is related to calcium because it reduces
the ability of the soil to store the cation as well as the ability of tree roots to take up this essential
nutrient (DeHayes et al., 1999). In addition, aluminum is a metal that is toxic to plants (Sherman
and Fahey, 1994). Aluminum can thus pose a severe problem to forest health if the soil becomes
highly concentrated with the metal.
5.5.7 Nitrogen saturation caused by acid deposition
Another possible concern is the saturation of soils with nitrogen as a result of acid
deposition. Nitrogen deposition is estimated to increase by 25% over the next 25 years (Adams,
1999). Nitrogen saturation occurs when biota cannot use all of the nitrogen that is being added to
the system either through nitrogen fixation, atmospheric nitrogen inputs, or other sources
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(Adams, 1999). Adams (1999) explains that nitrogen saturation can have a number of ecosystem
impacts, including elevated concentrations of nitrate, aluminum, and hydrogen in streams, frost
damage, and increased cation leaching from soils (Adams, 1999). It is this increased leaching
that is of the most concern, particularly the leaching of calcium. This is because a leaching of
this cation can lead to a decrease in soil fertility, as well as the various other problematic
consequences previously discussed (Adams, 1999).
A model created by Adams (1999) illustrates how nitrogen depositions, as well as
harvesting, affect the long-term sustainability of forests by decreasing the available calcium
(Figure 7, Appendix). In Appalachian forest soils, it has been found that increased acid and
nitrogen deposition leads to a decrease in available calcium (Adams, 1999).
5.5.8 Acid deposition and the sugar maple
Western Algonquin Park is partially dominated by the sugar maple tree. This hardwood
species has been the subject of much research regarding the subject of calcium deficiency and
cation leaching (DeHayes et al., 1999). It has been suggested by a number of studies that
acidification through acid deposition and the subsequent leaching of soil base cations has been
one of the causes of the widespread decline of sugar maple in eastern North America (Juice et
al., 2006; Adams, 1999). Evidence from the Hubbard Brook Experimental Forest (HBEF) in
New Hampshire, USA has brought many interesting results to light regarding this subject (Juice
et al., 2006). The first report of acidic precipitation in North America was made at the HBEF
based on data collection that began in the early 1960s (Driscoll et al., 2001a). Not only does acid
deposition lead to the leaching of calcium, but it also dissolves other nutrients and helpful
minerals in the soil (US EPA, 2012). This is done by changing the concentration of biomass
above the ground and the rates of litter decomposition, nutrient uptake, soil base saturation,
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nitrogen mineralization, and nitrification (Adams, 1999). As a result, plants and trees are unable
to use these nutrients for growth. Considering that the sugar maple is such an important species
within Algonquin Park, investigation into how its decline is related to acid deposition is
essential. Driscoll et al. (2001) illustrate some of the effects that acid deposition has on the sugar
maple tree (Figure 8, Appendix).
5.5.9 Experimental results regarding acid deposition
Numerous experiments regarding the effect of acid deposition on calcium have been
performed, specifically in manipulating watersheds in Europe and the United States to see how
the availability of calcium changes with increased sulphur and nitrogen deposition (Adams,
1999). At the Fernow Experimental Forest in West Virginia, ammonium sulphate was added
over a period of five years at twice the ambient input levels, as well as 40 kg S ha-1 yr-1 and 35 kg
N ha-1 yr-1 (Adams, 1999). The results indicate an increase in the leaching of calcium and
magnesium in a mixed hardwood forest. By the fifth year, the mean annual export of calcium
was around 2-3 times greater than the inputs (Adams, 1999). This could lead to a decrease in soil
fertility and more nutrient deficiencies. Long-term data from the HBEF, one of the most
prominent research areas for forested ecosystems, were analyzed by Likens, Driscoll and Buso
(1996). They concluded that based on this data, large amounts of calcium and magnesium were
indeed lost from the soil complex and removed by drainage water due both to inputs of acid rain
and to a decline in atmospheric inputs (Likens et al., 1996).
5.5.10 Hypothesized acidification-calcium model
Norton et al. (1997) created a useful model that illustrates the various stages of
acidification and base cation leaching (Figure 9, Appendix). Using this model, one can gauge the
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stage of acidification that a given forest ecosystem is currently at. During early acidification at
Stage II, cation concentration increases because the base cations desorb from the soil minerals.
As acidification continues, base saturation of the soil decreases to the point where cations are no
longer being desorbed from the soil. In Stage III the concentration of aluminum increases in the
soil solution, which is of concern because of its aforementioned toxicity. Adams (1999)
stipulates that soil solution concentrations of a Ca : Al ratio that is less than or equal to 1 could
indicate potential decline or productivity loss in forested systems. In Stage IV, input equilibrium
is reached; base cation export is equal to that of the pre-acidification stage and chemical
weathering becomes the dominant process (Adams, 1999). In Stage V and VI, once acid
deposition is halted, base cations are rapidly adsorbed to the base cations released by chemical
weathering, and cation leaching decreases (Adams, 1999). Stage VII reflects a new steady state
amongst inputs (including acid deposition) and outputs in the forested area (Adams, 1999).
5.5.11 Conclusion
Acid deposition is a global phenomenon (DeHayes, 1999). Forest ecosystems all over the
world are exposed to acid deposition consisting of a complex solution of predominantly H+,
SO42-, NH4+, and NO3- pollutant ions from sulphur and nitrogen oxides (DeHayes et al., 1999). It
is well-documented that anthropogenic changes that have caused a change in precipitation
chemistry and acidity over the past few decades in North America (DeHayes et al., 1999). The
evidence presented in this section indicate that the Inco Superstack is predominantly responsible
for making Algonquin Park susceptible to the negative effects of acid deposition in the form of
acid rain. The subsequent loss of buffering capacity and essential soil nutrients, including
calcium, makes this an important issue to address in further research. Soils that are most
sensitive to acidification through acid deposition and the resulting base cation loss are those with

D*!
!

low base saturation, low C : N ratios, high Al saturation, and soils that are derived from acidic
parent material (Adams, 1999).

The mobilization of aluminum also poses a concern to

ecosystem quality and survival. Science and policy efforts must be coordinated, as these are
large-scale environmental problems (Driscoll et al., 2001a). Likens et al. (1996) assert that forest
ecosystems are becoming more and more susceptible to atmospheric inputs of strong acids, but
that the resulting impacts are capable of being reversed. However, acid deposition is just one
external factor that can lead to calcium deficiency in Algonquin Provincial Park, and recovery is
likely to be very slow; finding the optimum solution will require further research.

5.6.0 Physiology of Calcium
5.6.1 Introduction
Developing an understanding of the role of calcium within tree species is a crucial
component of recognizing the implications of calcium deficiency on overall tree health and
productivity. Calcium deficiency and its effects are not completely understood, and variations in
requirements of the nutrient can be influenced by both composition of stand species and the
individual tree. However, it has been generally recognized and studied that calcium availability
is linked to the growth of an individual tree from an observational approach, as demonstrated by
Bailey et al. (2004) and Schaber et al. (2006), as well as from an experimental design approach,
as demonstrated by Bigelow and Canham (2007) and Kulmatiski et al. (2007). A complete
understanding of the arrangement of mechanisms that surround both the role and function of
calcium may not be fully developed, but a basic illustration can be created here and further
research will be required to depict the full picture.
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In order to begin to understand the many roles of calcium, it is important to properly
identify the uptake and storage mechanisms of the nutrient. Firstly, calcium is taken up from the
soil solution by either the fine root systems or areas where the development of lateral roots is
occurring (Clarkson, 1993; White, 2001). Calcium is subsequently delivered to the shoot via the
xylem. It may traverse the root either through the cytoplasm of cells linked by the symplast or
through the spaces between cells, which is called the apoplast (White and Broadley, 2003). Upon
leaving the cells of the xylem, calcium is mostly deposited in the cell walls of the phloem where
it becomes immobile (Fromm, 2010). This has a strengthening effect on the cell walls, but it also
leads to calcium becoming unavailable for any metabolic activity within the symplast (Brett and
Waldron, 1996; Fromm, 2010). The latter occurrence is due to the toxic nature moderate
concentrations of calcium can have on the symplast since it precipitates inorganic phosphate
(Borer et al., 2004). This toxicity has compelled the cells to have an ample number of systems,
such as pumps and membrane channels, to sequester calcium within the organelles and apoplast
(Borer et al., 2004).
There are a number of studies that both identify and discuss the effect that calcium has on
the formation of wood. It has been established that calcium has an effect on cell division, lignin
quantity, fiber, wood increment, and vessel size. All of these factors contribute to overall wood
production and identifies calcium as a key requirement for xylogenesis.
5.6.2 Cell division and activating metabolic activity
There have been varying methods of research investigating the influence calcium has on
promoting cell division. An experimental study conducted by Ekland and Wliasson (1990) on
spruce cuttings revealed that when introduced to a calcium-rich nutrient solution, cell wall
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deposition was stimulated. This finding suggests that a link exists between increased growth
rates and a sufficient supply of calcium.
Furthermore, there are studies that are primarily focused on the influence of calcium on
seasonal activation in temperate forests. With changing seasons, a reactivation is required in
early spring to resume metabolic activity within the cambial cells (Sitbon et al., 1993). An
investigation of beech species revealed that the pre-activation phase corresponded with a high
elevation of calcium within the cambium and phloem, underlying the nutrient’s important role in
initiating biochemical mechanisms (Follet-Gueye et al., 1996). This is applicable to Algonquin
Park because of the presence of American Beech (Fagus grandifolia) on the Park’s western side.
Calcium can also initiate seasonal growth by promoting cell division. A study conducted by
Lautner and Fromm (2010) observed that the amount of calcium present in an apical meristem,
the tip of a plant shoot or root that allows it to grow in length, was dependent on the season. It
was found that dormant buds were associated with a lower level of calcium (Lautner and Fromm,
2010). In contrast, an active apical meristem in spring was found to have calcium levels that
gradually increased during the swelling and bud break process (Lautner and Fromm, 2010). This
observation provides evidence that suggests calcium may be an integral part of promoting cell
division (Lautner and Fromm, 2010). In a review article by Fromm (2010), the aforementioned
study was linked to a concept presented by Bangerth (1979) suggesting that the gradual calcium
increase could be explained by the nutrient’s ability to activate certain enzymes, linking it to the
enzymatic hydrolysis of both starches and proteins. Overall, calcium is an integral part of
promoting cell division and is vital to activating metabolic activity.
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5.6.3 Lignin polymers
Lignin quantity has been studied and found to be connected to the amount of available
calcium. Lignin is essential for the mechanical support required for vertical growth and also acts
to support the xylem in resisting negative pressure gradients that may result from the
transportation of water (Li and Chapple, 2010). .A laboratory study on Norway spruce (Picea
abies) cutting involved feeding this species a liquid solution of various calcium contents (Eklund
and Eliasson, 1990). It was discovered that under low concentrations of calcium, an almost total
suppression of lignification was observed (Eklund and Eliasson, 1990). Additionally, the
investigation found that there was no delay in the deposition of lignin at high calcium
concentrations (Eklund and Eliasson, 1990). This study offers insight into the relationship that
exists between calcium and lignification.
Lignin proportion is also an important subject to investigate. A similar study conducted
by Wimmer and Lucas (1997) explored the mechanical properties associated with spruce species
and lignin proportion. Eklund and Eliasson (1990) suggest that at low calcium levels, the
strengthening quality of lignin would depreciate and the tree could become susceptible to
mechanical injury. Wimmer and Lucas (1997) confirmed this conclusion by exploring the effect
calcium has on the mechanical properties of the cell corner middle lamella (CCML). The middle
lamella is the area in which the process of lignification initiates, dictating the level of adhesion
and stability relating to the concentration and distribution of lignin within the tissue (Wi et al.,
2005). The CCML was used instead of the middle lamella in this investigation because the
CCML has a larger surface area and so was easier adapted to the testing instruments (Wimmer
and Lucas, 1997). The CCML was determined to be mechanically strong with high hardness
values in this experiment (Wimmer and Lucas, 1997). It was suggested by the study that the
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positive charged Ca2+ ions are capable of providing additional stability to the CCML (Wimmer
and Lucas, 1997). Overall, it is suggested by the academic literature that a high amount of
calcium leads to a higher lignin content and is also beneficial in terms of the quality of the
mechanical properties of the wood.
5.6.4 Fiber, wood increment, vessel size
The properties of the cambium under calcium deficient conditions are not well studied;
however, it is suggested that under these conditions, wood structure is negatively impacted. The
cambium is an internal meristematic tissue responsible for mediating secondary and lateral
growth (Sehr et al., 2010). It acts as a microenvironment reservoir for stem cells (Sehr et al.,
2010). Lautner et al. (2007) studied European aspen (Populas tremula) and quaking aspen
(Populas tremuloides) grown hydroponically under three treatments: calcium starvation, ideal
calcium supply, and calcium excess. Utilizing microscopic analysis, it was observed that calcium
starvation conditions lead to significant decreases in fiber length, vessel size, and wood
increment (Lautner et al., 2007). The study found that under calcium deficiency conditions, the
fibres located within the xylem had a significant reduction in elongation (Figure 2, Appendix)
(Lautner et al., 2007).
The study also found that vessel size was shown to be smaller under calcium-limited
conditions as a result of nutritional stress (Lautner et al., 2007). This resulting stress was
reinforced by observing that there was a narrowing of the cambial division zone (Figure 3,
Appendix). This narrowing shows a two to three cell layer decrease under calcium stress. The
dimension of the vessel has been directly related to the transportation of water within the plant
(Aloni, 1987). Vessel size is directly proportional to the efficiency of water transportation and
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cavitation within the water column (Aloni, 1987). The smaller vessel size induced by calcium
deficiency can therefore drastically affect water transportation within the xylem.
Finally, Lautner et al. (2007) observed a relationship between the wood increment and
calcium availability. Under the limited calcium treatment, a sugar analysis of glucose, sucrose,
and fructose revealed that the tree bark had a decrease in sugar levels while the xylem showed an
increase (Lautner et al., 2007). The above result suggests that the lack of calcium lead to a
significant reduction of available carbon sources within the cambial, thus reducing wood
increment (Lautner et al., 2007). This study has revealed connections between calcium and wood
structure and plant health. Overall, low levels of calcium have been found to negatively impact
the wood structure of trees, leading again to issues within the process of xylogenesis.
5.6.5 Wood production
It has been established by a number of studies that calcium is a vital component in
promoting the production of wood. An observational study conducted by Baribault et al., (2010)
investigated the aboveground net primary production of wood (ANPPw) in northern hardwood
species based on three elements: soil calcium, nitrogen, and water. The data from the study
revealed that calcium most strongly correlated with ANPPw compared to the other measured
components (Baribault et al., 2010). However, the data also revealed that an asymptote was
reached at relatively low calcium soil content (Figure 4, Appendix).
Furthermore, the study showed no significant relationships between the resources and
ANPPw for sites that were deemed to have high fertility, and only significant relationships were
amongst the poorer fertility sites (Baribault et al., 2010). This study shows a connection within
poor fertility sites, where calcium is insufficient to effect wood production. This is applicable to

*(!
!

Algonquin Park due to the poor fertility of the soils there. Baribault et al. (2010) suggest that if
an insufficient amount of calcium is present within the soil solution, it would stoichiometrically
limit ANPPw. This would result in a lack of calcium that could be incorporated into the woody
tissue of the tree Baribault et al. (2010).
A similar study conducted by Kulmatiski et al. (2007) explored three geographic areas:
New York, New Hampshire, and Vermont. They investigated the response of red spruce (Picea
rubens) and Balsam fir (Abies Balsamea) to calcium and nitrogen fertilization. It was shown that
an increase in ANPPw was present in two of the three study sites (New York and Vermont).
Kulmatiski et al. (2007) show the ANPPw for the two sites and their treatments (Figure 5,
Appendix). Overall, it has been established that calcium can have an influential effect on wood
production. However, stand composition and environmental conditions can have a significant
effect on calcium requirements and availability. Further research is required to understand the
full extent to which the mechanisms between calcium and wood production affect each other in
Algonquin Park.
5.6.6 Conclusion
In conclusion, calcium has a significant role to play within tree species; however, further
investigation is certainly required to understand all of the mechanisms at work and their full
influence on these systems. As mentioned in Section 5.1.0, species type and environment are
both factors that affect how much ca is required by a certain tree. However, it can be proposed
that calcium is an integral part of promoting cell division, and is also positively correlated to
lignin content, fibre size, wood increment, and vessel size of trees. These components together
contribute to overall wood production, which has been shown to be promoted under conditions
with a sufficient source of calcium. In terms of the logging practices in Algonquin Provincial
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Park and their effect on this ecosystem, it can be surmised that if logging practices develop low
calcium content, then perhaps future generations of trees would suffer a reduction of biomass
and a loss of desirable mechanical quality. These logging practices and their effects will be
outlined in Section 5.4.0. This could have dire environmental consequences, and not only that,
but it could prove to be detrimental to the quality of lumber demanded by consumers and have
possible economic consequences in the future as well.

5.7.0 Forestry Practices and Mechanisms of Calcium Deficiency
5.7.1 Introduction
Upon initial investigation of the academic literature, the importance of calcium within
forested soils was immediately evident. Calcium as a base cation is exceptionally important for
forest health and productivity (St. Clair and Lynch, 2005). Its role in plant health is especially
significant for the growth of seedlings (Paquin et al., 1998). Furthermore, as a cation, it increases
the buffering capacity of a soil and therefore contributes to the regulation of soil pH (Donahue et
al., 1977). An examination of how logging can influence the amount of calcium in the soil and
the nutrient’s ability to perform its ecological duties is necessary in this study of Algonquin Park.
Additionally, the historical background of forestry in Algonquin Park as well as current
techniques and management plans must be outlined and understood.
5.7.2 History of forestry and techniques in the Algonquin Park region
Forestry in Algonquin Park has been practiced for over one hundred years (Thompson et
al., 2006). The majority of commercial logging in the area began in the 1820s, with particularly
emphasis on white pine (Pinus strobus) harvesting in the 1840s (Thompson et al., 2006;
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Williams, 2009). After its establishment in 1893, most of Algonquin Provincial Park was
licensed to timber companies, who were allowed to lawfully harvest almost all tree species
within the Park (Williams, 2009). In the late 19th century, railways were constructed in the Park,
providing ease of access and faster means of transport for the lumber industry (Williams, 2009).
Following this in the early 1990s, the Ontario government began to see the rapid decline of
pines, birch, hemlock, spruce, and balsam in the Park, all of which were being used as lumber
and in chemical plants (Williams, 2009). Upon observing this, the Ontario government began to
buy out the licenses of these timber companies in an effort to conserve Algonquin Park’s forests.
In 1937, the Provincial Parks Act prohibited logging within certain set distances of lakes,
rivers, and highways. Additional logging regulations were established in the 1950s, allowing
only trees of a certain larger diameter to be harvested. This ensured that the biggest trees were
logged and the smaller ones were left to grow; this approach is known as “high-grading”
(Williams, 2009). This method appeared viable for future harvest rotations, however, it left
behind a forest composed of young or poor quality trees. In the 1970s, this approach was
replaced by selection and shelterwood systems, which were implemented to promote the growth
and quality of young trees (Williams, 2009).
5.7.3 Current forestry techniques and implications for calcium
There are currently four main logging techniques used in Algonquin Park: single tree
selection, two-cut shelterwood harvesting, four-cut shelterwood harvesting, and clear-cut
harvesting (Williams, 2009). Single tree selection, used primarily in northern hardwood stands,
involves removing commercially desirable, diseased, or competing trees every 15-25 years to
stimulate growth of the uneven-aged residual forest (ArborVitae Environmental Services Ltd.,
2010). Conversely, the two-cut and four-cut shelterwood systems involve a series of cuts to
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remove undesirable trees, create space for regeneration, and enhance tree growth and harvest
(Williams, 2009). Each cut is spaced a number of years apart, as well as the final and first felling
to facilitate the natural generation of seedlings and growth without planting (AVES Ltd., 2010).
Finally, clear-cut methods involve the removal of the crop tree in a highly regulated single cut
(Williams, 2009). This is only performed on stands that regenerate better in post-fire or full light
conditions such as jack pine (Pinus banksiana) and intolerant hardwoods (Williams, 2009). The
partial harvest methods mentioned above are used most commonly in the Park, with clear-cutting
only representing 2% of the total cutover area (Williams, 2009). The specific type of logging
practice used can make a significant contribution to ca deficiency in forested watersheds.
Much of the literature reviewed regarding calcium depletion in forests compares two
types of harvest: whole-tree and stem-only. Whole harvest tree techniques are comparable to
clear-cut in that they involve removal of the entire tree in one cut, whereas stem-only harvesting
involves felling the tree with only merchantable stems removed from the stand (Mann et al.,
1988). A common finding in the literature is that the degree of calcium loss differs between these
two practices. Several studies have looked at the differences in soil nutrient loss between wholetree harvesting and stem-only harvesting. The consensus is that whole-tree harvesting increases
the loss of calcium as compared to stem-only harvesting. Mann et al. (1988) determined that
calcium loss was significant for both techniques; however, the extent of loss was greater for sites
harvested by the whole-tree method. This result was supported by the findings of Thiffault et al.
(2006), who concluded even further that the overall cation exchange capacity of the soil was
significantly reduced after both methods but, again, particularly so for whole-tree harvesting.
The majority of peer-reviewed literature discusses two common mechanisms of calcium
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deficiency caused by tree removal: leaching losses and calcium source elimination. Both of these
mechanisms will be discussed below.
5.7.4 Forestry and calcium leaching
While the studies discussed above establish the effect of specific forestry practices on
calcium deficiency, others have considered the exact pathway that leads to the absence of this
nutrient. That is, how the calcium is lost and where it goes. The literature has revealed that
leaching loss to water is the most significant pathway and is the primary mechanism linking
forestry and calcium loss.
Pinel-Alloul (2002) studied the effects of logging on Boreal lakes in Quebec. The authors
were specifically interested in any changes in the nutrient and ion content of the lakes. They
found a significant influx of calcium into surface waters following logging. Mann et al. (1988)
expanded their earlier observations to suggest that cation loss resulted from leaching to
groundwater instead of surface water. Thiffault et al. (2006) found that the source of calcium that
is leached to water is from the activation of logging debris into exchangeable forms, instead of
from the underlying soil. This finding is novel as it contrasts the general consensus, showing that
the accumulation of calcium in surface water following logging may not be at the expense of soil
health; instead, leached calcium may come exclusively from residual logging debris and not from
soils.
The research conducted by Brais et al. (2004) raises an interesting point regarding the
leaching of calcium from woody debris. The authors found that two years after logging practices
concluded, levels of exchangeable calcium and magnesium were higher than before logging.
They attributed this to reduced plant uptake and woody debris. What is compelling is comparing
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the work of Brais et al. (2004) and the aforementioned work of Thiffault et al. (2006), where the
difference in their results lies in the degree of calcium leaching that occurred in their experiment.
Both featured activation of plant debris, but both found different results. It is possible to account
for these differences by saying that whether calcium accumulates or decreases following
activation depends on the degree of leaching that occurs.
Palviainen et al. (2004) studied the rate and amount of nutrient release from Scots pine
logging residues and found that, in general, calcium is released from the foliage and roots of this
species slowly compared to other nutrients. Although calcium accumulated in the branches and
was retained as a pool in logging residue for many years, the researchers concluded that clear-cut
logging practices accelerated the rate at which nutrients were released during decomposition,
compared to control forest plots. On a similar note, Palviainen et al. (2010) determined that
logged pine stumps retain approximately 50% of calcium over a period of 40 years, further
indicating that decomposing logging residues are important nutrient pools that aid in preventing
leaching loss and can contribute to the long-term nutrient demand of future tree generations.
The aforementioned time scale is similar to the findings of Zetterberg et al. (2013), who
found that whole-tree harvesting resulted in a depletion of soil calcium in the 5-20 cm mineral
soil layer after 27-30 years. The well-buffered site in this study remained at significantly lower
calcium concentrations even after 32-35 years (Zetterberg et al., 2013). From this research we
can see that the nutrient leaching as a result of clear-cut logging and whole-tree harvesting of
pine trees is reduced when stumps and logging residues, especially branches, are left and
preserved in the logged areas (Palviainen et al., 2010; Zetterberg et al., 2013). Reducing the total
area of pine forest logged could prevent leaching even further (Palviainen et al., 2004). However,
the impacts of whole-tree harvesting are site-specific. These impacts depend on acidity and anion

*F!
!

concentrations, and so optimal logging practices would be dependent on the soil conditions of
individual locations (Zetterberg et al., 2013).
Continuing with research focused on the leaching mechanism, McLaughlin and Phillips
(2006) studied the effects of logging machinery on soil nutrients. They found that the export of
nutrients, including calcium, was greater following the turnover and general disturbance of soils
by logging equipment. The turnover of soil increases the flux of water to the upper soil horizons.
This provides insight into the previous discussion on forestry practices - the degree to which
machinery is permitted to roam on undisturbed soils may have significant repercussions for soil
calcium content in the future.
5.7.5 Calcium source elimination
Aside from leaching, another significant mechanism of calcium loss following logging
practices is the lack of a calcium source in the form of litterfall from trees.

Piirainen et al.

(2004) found that the influx of calcium to soil was greatly reduced because of the absence of
trees following clear-cutting. This reduced input from trees above ground works in concert with
increased output in the form of leaching belowground. Overall, these two factors contribute to
the decrease in soil calcium.
5.7.6 Conclusion
The nutrient level of soils is clearly affected by logging. There are studies that suggest
nutrient levels increase as a consequence of logging, and there are those that suggest nutrient
level decreases. However, the general consensus reached from this review is that logging leads to
a decrease in calcium through mobilization and soil leaching. This is notable for forestry
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operations that use whole-tree harvesting. Novel studies are presently investigating how nutrient
loss is influenced by the tree species harvested and the foundation soil type.

5.8.0 Effect of Calcium Deficiency on Aquatic Life
5.8.1 Introduction
There are approximately 1500 lakes in Algonquin Park. They are currently regarded as
some of the most pristine in the world; the presence of brook trout (Salvelinus fontinalis) is a
testament to this. However, the decline of calcium concentrations is an emerging issue in many
softwater boreal lakes. Jeziorski et al. (2008) estimate that in the 2000s, 85% of lakes in the
Muskoka region were either calcium deficient or severely calcium deficient, while in the 1980s,
only 40% fell under those categories (Figure 10, Appendix). An understanding of how these
changes have affected and will continue to affect the aquatic ecology of Algonquin Park is
therefore of great importance.
5.8.2 Biological impacts
The most direct effect of calcium deficiency in the aquatic environment is the challenges
it presents to invertebrates. Unionid mussels are among the most imperiled freshwater organisms
with extremely high extinction rates (Schwalb et al., 2011). They have shells composed mainly
of calcium carbonate (CaCO3). This means that calcium deficiency poses a significant risk to the
sustainability of these mussels because they need the nutrient for their shells (Guerold et al.,
2000). Hincks and Mackie (1997) conducted an experiment with zebra mussels and determined
that their survival required calcium concentrations of at least 12 mg L-1. Below this threshold,
growth and development were severely hindered. Although zebra mussels are not necessarily a
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desirable species to support, there are many native molluscs that this information can be applied
to.
Daphnia, also known as water fleas, are often used as subjects for toxicity tests. Due to
their life history traits and extensive use, the results of these tests are often extrapolated to
represent toxicity responses in a wide variety of organisms. Jeziorski et al. (2008) were able to
collect paleolimnological data and provide insight into how daphnia respond to a decline in
calcium concentrations. They found an overall decrease in daphnia abundance corresponding to
decreasing concentrations of calcium. More specifically, they observed long term declines in the
abundance in calcium deficiency-intolerant species, and, to a lesser extent, increases in calcium
deficiency-tolerant species. This observation was only true for lakes with calcium concentrations
less than 2.5 mg L-1 (Jeziorski et al., 2008). Given the fact that the results of daphnia experiments
can often be extrapolated, one could expect that such trends may be similar for many other
groups of organisms as well.
Guerold et al. (2000) observed a positive correlation between calcium concentration and
taxa richness of general macroinvertebrates (Figure 11, Appendix). The authors observed drastic
changes to the ecosystem’s biotic structure under low calcium concentration concentrations, such
as the complete eradication of many Ephemeroptera species. Similar losses have been observed
in the presence of metal pollution (Takagi and Kikuchi, 2007). Although aluminum is commonly
identified as problematic when combined with calcium deficiency, it seems that this is not the
case for macrophytes, which are resilient in low calcium concentrations under many
environmental conditions (Maessen et al., 1992). The only response they exhibit is a decrease in
tissue calcium concentrations, but this has no significant impact on the viability of macrophytes
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because their nutritional requirement for calcium is minimal (Maessen et al., 1992; Rorison and
Robinson, 1984).
Calcium is an essential macronutrient for fish. It is a major component of the spine and
skeletal features, and is a key ingredient for healthy egg formation and development (NAPAP,
1991). Where concentrations are sufficient, calcium can be derived from water. In deficient
waters that have calcium concentrations < 1 mg L-1, the nutrient must be obtained from food
sources (Chavez-Sanchez et al., 2000). Brown (1983) showed that calcium is a significant factor
in the success of brown trout (Salmo trutta) yolk sac fry. It appears that when concentrations are
0.5 mg L-1 or less, there is mortality from aluminum toxicity. A proposed mechanism to explain
this phenomenon was the modification of gill permeability to oxygen and metals in response to
calcium (NAPAP, 1991; Brown, 1983). That being said, calcium deficiency only occurs in fish
where it is not available from water or their diet, which is uncommon (Lall and Lewis-McCrea,
2007). Thus one may postulate that the loss of calcium in aquatic systems is not a direct threat to
the success of fish species; however, indirect effects are quite likely.
5.8.3 Trophic cascades
Modern ecology places great emphasis on trophic cascades. The classic example is the
otter and the sea urchin; removal of the otter eliminates the sea urchin’s primary predator
(Pearse, 2006). The sea urchin population subsequently explodes and decimates their prey, the
sea grass, creating what is referred to as urchin barrens. With this in mind, calcium deficiency
does not necessarily need to negatively impact all species in order to disrupt an ecosystem.
Negative impacts on a single species can severely upset the trophic dynamics, and the weak link
in the Park’s aquatic systems would most likely be the macroinvertebrate community.
Macroinvertebrates generally eat plant matter or other invertebrates, placing them at an
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intermediate level in the food chain. They are preyed upon by many fish and amphibians, and if
the species has a terrestrial life stage such as Ephemeroptera, they can be important for terrestrial
organisms as well (Burks, 1953).
In addition to being a source of prey, macroinvertebrates facilitate many functional
ecosystem processes. A notable example is the river continuum concept (Vannote et al., 1980).
In an allochthonous lake or river, where carbon inputs are dominantly terrestrial, the breakdown
of terrestrial leaf inputs is important for the transfer of energy. There is a group of organisms that
are quite good at this, and they are known as “shredders” (Vannote et al., 1980). In the process of
shredding, coarse particulate organic matter becomes fine particulate organic matter. A second
group, called the “collectors”, feed on the fine particulate organic matter and are very dependent
on the shredders (Vannote et al., 1980). The third class consists of “grazers” who control algae
and macrophyte abundance (Vannote et al., 1980). All of these functions are relied upon either
directly or indirectly by species of all trophic levels.
Trophic dynamics are complicated. It is very difficult to fully understand or predict how
trophic changes will occur and what effects they will have (Polis, 1994). It is likely that there
would be trophic cascades caused by calcium deficiency. These cascades could incur
macroinvertebrate loss and ecosystem disruption, and any cascades that do happen would be
ecosystem-specific according to the limnology of the area.
5.8.4 Recovery and restoration
In some cases, calcium depletion has reached a point where calcium export is in
equilibrium with calcium import through atmospheric deposition and mineral weathering
(Jeziorski et al., 2008). In other cases, the calcium decline is expected to continue, but the

E)!
!

majority of surface waters will likely reach equilibrium concentrations by 2050 (Jeziorski et al.,
2008). There is still opportunity to reduce harm to Algonquin Park’s aquatic systems, but taking
steps toward recovery and restoration will soon be the only option to prevent long term damage.
Much of the available information of lake calcium deficiency comes from Sudbury,
Ontario. Acid precipitation, the main precursor for calcium deficiency (Section 5.5.0), was
significantly reduced across the region in the 1970s due to government legislation. There have
been a number of other improvements in the region since that time, but unfortunately, calcium
deficiency has not been one of them. Keller et al. (2001) found that even 30 years after the
reduction of acid precipitation, lake concentrations appear to be only just stabilizing (Figure 12,
Appendix). Therefore, even if acid precipitation is completely eliminated, the recovery of
affected lakes is likely to be a very slow process if something is not done.
Fortunately, there is research being conducted to find possible ways to make recovery
faster. Acidified lakes in Sweden were treated with calcium oxide (CaO) and magnesium oxide
(MgO) in a restoration effort, which was found to increase calcium concentrations by 3-4 times
and aided in the reestablishment of the natural ecosystem (Hultberg and Andersson, 1982). The
cost of liming lakes varies between $50 and $1000 per hectare, with the main price drivers being
location accessibility and proximity to the liming agent source (Olem, 1990).
5.8.5 Conclusion
Calcium deficiency poses a significant threat to the aquatic ecosystems within Algonquin
Park. Macroinvertebrates are severely at risk due to their high nutritional requirement for
calcium. Although fish and macrophytes are resilient under deficient conditions, they rely
heavily on macroinvertebrate presence either directly through predation or indirectly through the
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ecological functions that they provide. Therefore, any damage to macroinvertebrate populations
will have ecosystem-wide repercussions. Furthermore, natural recovery of affected aquatic
environments is very slow and may require artificial facilitation.

6.0 Final Remarks
The concern regarding calcium deficiency in Algonquin Provincial Park is justified.
Although the issue is emergent, substantial literature exists that suggests that the impacts are real
and ecosystem-wide. The exact form taken by these impacts, however, depends on the specific
environment, so primary research on Algonquin Park is required in order to fully understand the
effects of calcium deficiency. That being said, this review provides a general idea of the possible
impacts. Figure 13 displays a schematic diagram summarizing the discussed mechanisms of
calcium deficiency. Since the Park is in the path of acid-forming pollutants from the Inco
Superstack, and since the soil is already naturally low in calcium due to its unique parent
material, it is possible that Algonquin Park is already in a calcium deficient state. If this is the
case, it may be in the best interests of Algonquin Eco Watch to begin researching possible
solutions.
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8.0 Appendix
!

!
Figure 1. Calcium content of various tree species. Hardwood species (aspen, balsam fir, red
maple, white birch, white spruce) have higher calcium concentrations than pine species.
(Hendrickson et al., 1986)!
!
!
!

!
Figure 2. Histometric measurements of fiber length of poplar. Asterisks represent statistically
significant differences (t-test) compared with poplars with optimal (5 mM) ca2+ supply: *, P <
0.001. (Lautner et al., 2007)!
!
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Figure 3. Effect of different Ca2+ supplies on cambial cells and expanding xylem cells. (a) - Fullstrength Ca2+ supply (5 mM), (c) - Reduced Ca2+ supply (0.1 mM). (Lautner et al., 2007)
!

!
Figure 4. ANNPw as a function of soil resource (a) - Calcium. Best fit model represented by the
solid line, and the 95% confidence intervals shown by dashed lines. (Baribault et al., 2010)!
!

!
Figure 5. ANNP in two plots (a) - New York, (b) Vermont. Increment cores removed from 10%
of trees in each plot to calculate and determine annual wood growth. Five leaf litter baskets were
used to determine natural leaf litter production. (Kulmatiski et al., 2007)!
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Figure 6. Cycle of the effects of acid deposition Hubbard Brook Experimental Forest - 2001.
(Driscoll et al., 2001a)!
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!
Figure 7. Effects of increased nitrogen deposition on forested ecosystems. (Adams, 1999)!

FH!
!

!

!
!
Figure 8. The effects of acid deposition on sugar maple – HBEF, 2001. (Driscoll et al., 2001)!
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!
Figure 9. Hypothesized model illustrating various stages of acidification and base cation
leaching. (Norton et al., 1997)!
!
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Figure 10. Classification of 195 lakes in the Muskoka region according to calcium
concentration. (Jeziorski et al., 2008)!
!
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!
Figure 11. Taxa richness of macroinvertebrates as a function of calcium concentration for 41
headwater streams in the Vosges Mountains of France. (Guerold et al., 2000)!
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Figure 12. The mean calcium concentration of 23 lakes in the Sudbury region over time. Acid
deposition was severely reduced in the 1970s. (Keller et al., 2001)

!
Figure 13. Schematic diagram summarizing the discussed pathways of calcium deficiency in
Algonquin Park.

