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ABSTRACT

A computational framework was developed to calculate and mapiéamgforest
biomass harvest sustainability across Nova Scotia, Canada, based on forest
mensurational, biochemical and mdmsdance principles. Processes that would affect
sustainability refer to primary nutrient supplies (N, Ca, Mg, and K via atmospheric
depasition and soil weathering) and losses (forest harvessimigjleaching. The effects
of biomass harvesting were represented by way of four harvest scenarios: no harvesting,
stem only, fulltree brown (no foliage) and fuitee green (with foliage¥or each forest
stand based on current tree compositigkis.model calculations were done within a
geospatial context using the curretata layers for atmospheric deposition, climate,
digital elevation, bedrock geology, forest inventory, and soil distribuadinconsistent
with recent updates for wetlands, flow channels, floodplains, and coastlines. The
framework contains a dynamic link between the geospatial layers to a spredidstieeet
evaluator, to allow forealistic standby-stand sustainable harvesenario analyses and

designs.
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CHAPTER1

GENERAL INTRODUCTION

BACKGROUND AND OBJECTIVE

Increased pressurés harvestforest biomasdor energy productiorave led to
the demand for sustainability modelsat predict the impacts of biomass harvesting on
forestnutrient budgetsAlthough sustainability may be definad a number ofways, the
long-term sustainability of forest biomass is ultimately dependartheravailabilityof
primary growthlimiting nutrient suppliegAgren, 1983%. Anthropogenic factors such as
biomass harvesting amhhancedoil acidificationdue toacid precipitation arenown to
increaseprimary nutrient expow, thereby reducing the overatiutrient poolof forest
sites (Tew et al., 1986. If theseexports exceed therimary nutrient supplies then
repeated harvesting may create kagn nutrent deficienciesultimately leading to a
decline in forest healtl{Ouimet et al., 2001) The import, export and retention of
nutrients within forested ecosystems has been extensively stuttied the general topic
of biogeochemical cyclingFedereret d., 1989; Johnsonet al., 1991; Merino et al.,
20095, but these studiesare typically limited to sites for which the stugks were
conducted. Ovesimplified or inaccurate estimates of nutriemput/outputbudgetsmay
result when site-specific modelsare used outside theriginal site condition®f where
they were generate@osmanet al.,2001; Augustoet al.,2008 Arthur et al., 2001). In
general, nutrient inputetention and losses vary strongly across a landscape based on
atmospheric deposition, sofype and vegetation type, thereby requiring a detailed

analysis of primary nutrient supplies and losses in relation to the nutrient amounts already



stored in the vegetation and the underlying soil (Ranger & Turpault, 1Pg@&)ary
nutrient supplies refeto atmospheric deposition and soil weathering, whereas primary
nutrient losses refer thasecation depletionand forest biomass harvestinghe natural
variability in biological, geological, hydrological and climatonditions acrosfrested
landscapgsuggest that theet implications obiomass harvestingill be the result of the
unigue combination of theseonditionsfor any given site The most accurate model
projectionsof nutrient balancetr management purposesll thereforebe those that are
able toaccount for environmentgradients The net implications of biomass harvesting

areassumed to be a function of:

1. The ability and degreeto which specific tree species and trempartments
accumulate and store nutrients, as well as return ntdrieo the soil during

decompositior{Cornelissen, 1996 hiffault, 200§.

2. The ability of specific soil types to retain nutrients based ygbysical and chemical

characteristicsuch as texturelepthandbase saturatio(McLaughlin, 1998)

3. The ability and degree to which soil parent material weathering replenishes the
available basecation supplies for plant uptakend acid buffering(Ouimet &

Duchesne, 2005).

4. The degree to which atmospheric deposition suppkasg cations the soil, butan
also lead to a gradual basation depletion due to atmospheric acid deposition

causing soil acidificatioStutteret al.,2003; Lovett, 1994).

This thesis focuses on nutrient mass balaacesss wide environmental gradients

in order to relatéheseimplications to the sustainability of forest biomass harvesiihg



overall objectiveis to provide the background computational frameworka geospatial,
steadystate,mass balancéiomass sustainability modedesigned fortree species and

site conditons specific tothe provinceof Nova Scotia CanadaNova Scotia was chosen

for this studydue to (i) the diversity of environmental conditions;) the availability of
pertinent geospatial datayers at spatial resolutions sufficient for foresanagenent
planning; (i) social pressure to evaluate the potential sustainability of forest biomass
harvestingas affected by anthropogenic factors such as acid precipitation and climate
change.Although Nova Scotia was chosen as the case study, the framewikkly
genericdepending on thavailability of geospatial datand speciespecific tree biomass

functions and nutrient concentrations

SUBJECTMATTER

Chapters 2reviews the various concepts and applications pertinent to this thesis

including biomassarvestsustainabilityandcritical loads theory

Chapters3: introduces and describ@ssets of publishedtembiomassequations

and compares the results to a newly described method of projecting stem biomass

Chapterst: introduces and describes prdjeas for bark, branchstemwood and

foliagebiomass compartmentgrorated using stefmomassprojections from Chapter 3.

Chaptersb: reviews and compargbiomass compartmemtutrient concentration
data sources, disciessthe relationship between nutriet concentrations, and illustrate

the final nutrient values used within the model.



Chapters6: introduces and describethe development of the Nova Scotia soil
properties database and soil inference system, as well spatial soil alignment and upland

lowland soil delineation procedures.

Chapters7: introduces, discusses and describes the methods used to quantify
primary nutrient and acid inputs through atmospheric deposition and parent material
weathering, as well as the primary nutrient outputs througimdss harvesting and acid

leaching.

Chapters8: detaik the specifications of th@iomass Decision Support Tool based

on the two computer interfagesith detailed descriptions of each component.

Chapters9: presents thaspatialresultsand validationof the Biomass Decision
Support Tool for the province of Nova Scotés well as spatial results and sensitivity

analyses for Kejimkujik National Park.

Chapters @: provides an overall summary of the thesis, a statement of original

contributions, and recomendations for further development.
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CHAPTERZ2

CONCEPTS ANDAPPLICATIONS

SUSTAINABLE BIOMASS HARVESTING

In light of corcerns regardingclimate change andhe decline in fossil fuel
availability, the demand for renewable and ecologjcalstainable sources of energy
havebeen steadily increasingn 1978, he Canadian federal government established the
Energy from the Fost program (ENFOR) in order to develop renewalergy sources
using forest biomasgBoudewynet al., 2007) The concept of foresbiomass has lea
used to represent a variety ofganically derivedenergysourcesincluding both the
above andbelowgroundportion of living trees, deadwood materiderbaceousand
woody plants, and wildlife (Townsend, 2008Yithin Canada, avariety of direct and
indirect methods of obtaininfprest biomass have been establish@ttluding short
rotation energy crops throhdigh yield agroforestrgYemshanov & McKenney, 2008)
mill waste (Champagne, 200/7and collection ofon-site harvest residuesdvin et al.,
2007. The majority of energy from biomass is produced directly throingly fuel”
combustion although biomasshipping coupled with woogelletizationhas resulted in
the production of marketable biomass fuel, for local, regional and intercontinental
transport and consumption. Driven by certification criteria for sustainable management,
and also by accelerated dand for Carborcreditable"greenenergy, it is therefore
important to build a generalized framework to assess thetéwng ramifications of
biomass harvest sustainability within the context of stgpetific forest inventories and

related nutrient constimts Throughout this thesis, the terthiomas$ will be used to



describe only the above ground portiostemwood bark, branch and foliage

compartmentsof live, merchantable and unmerchantable tree®(200-cm DBH).

Tree growthis assumed to be airiction of the Sprengeliebig Law of the
Minimum, derived from the universal principle of mass conservatigdrich states that
plant growthis not controlled byhe sum of available nutrientsut isentirely controlled
by the availabilityof the most liniting nutrient(Ploeg, Bohm, & Kirkham, 1999)sing
the Sprengeliebig Law, Sverdrup & Rosen (199%. 223 suggest that the basic

principle of sustainable biomass harvesting is:

"..when the removal of nutrients with the harvest does not exceed the
suppy of the same nutrients represented by chemical weathering of rocks,

atmospheric deposition and fertilisatién

If soil fertility is lostdue to soil acidification and/or current harvest practices, a decline in
forest health may occur in the form folliage discolorationdefoliation, and a overall
decrease in growth rates (Sverdeifal.,2006).Although plant nutrition is dependent on

a variety of factors such awvailablewater, CO,, micronutrients and macronutrients, it is
assumed that lontprm forest growth (and subsequent biomass remowah onlybe
sustained if the essentialipply of Mg?*, C&£*, K* and N is not limited (Sverdrup &

Rosen, 1998)

CRITICAL LOADS
The method of determining whether the removal of nutrients through biomass

harvestingexceedsnutrient inputsis largely adapted from the critical loads concept.



Critical loads modelling was originally applied within Europe as a means of developing
strategies to limit transboundary air pollution (Grenn&l@al., 2001). The method has
now been adopted throughout the world as a toolctdculatingacceptable amounts of
atmospherically derived acid compounds, as well asiethod of identifying acid
sensitive ecosystemshe critical load of an ecosystem is defined\blgson & Grennfelt

(1988) as:

"The maximum deposition of (acidifying) compounds that will not cause
chemical changes leading to lotgrm harmful effects on ecosystem

structure and functich

The concept is comprised of three main elements: (i) a biological indigajoa
chemical criterion, and (iii) a critical chemical value (Laldtal.,1996).Within forested
ecosystems, thieiological indicatoris primarily treegrowth the chemical criterion is the
total amount of atmospherically derived acid compounds, and theacohiemicalvalue
refers to theotal amount of acid deposited, below which no harmful effects will occur
within the forestecosystemThe critical load oforestedecosystermaremost frequently
determined using ateadystate, simple mass balancapproab (SSMB) that calculates
the difference betweeprimary nutrientsources and sinks (Bosmah al., 2001) Since
this study focuses on lortgrm harvest sustainability, episodic factors suchmatsral
disturbance dynami¢csand secondarprocessegiealing wth litterfall, decomposition,
nutrient mineralization and 1@ptake by vegetatigrare not accounted for. Only primary
nutrientsupplies and losses are used to calculate the critical acid@aadf nitrogen

(N) and sulphur®), as set by



CL=BG,, 8G. BG, N, Nt N+ AGx 2.1)

where BC denotes the sobase cationgssential for plant growth (M§ C&*, K*), N
denotes nitrogen, aniC denotes thesoil acid cations (H AI*"). Subscriptslep we, up,

im, de and le refer to atmospheric deposition, soil weaihg, uptake by vegetation,
immobilisation, denitrification and leaching, respectivélyrthermore ACe cLis the rate

of acid cation leachingshena zerobasecationdepletionscenarias achievedEq. 7.12).

All terms areexpressed ireq ha yr'. Sdl acidification impactsfrom atmospheric
deposition ofNa" and Clare assumed to be negligitidasret al.,2010, as well as bth
nitrogen denitrification Nlge) and immobilisatior(N;). Nitrogen denitrification primarily
occurs under anaerobic condits such as in lowland hydric soilgVkitfield et al.,
2006a Ouimetet al., 2006), whereas this study focuses only on upland forest soils.
Immobilisation of nitrogenis negligible under the assumptiothat soil N does not
accumulate ovethe longterm due to various disturbance patterns such as canopy
openings created by insect and wind damage, blow d@mdsforest fires (Ouimaet al.,

2001).Therefore, tl criticalsoil acidificationloadis generally definedoy:

CL:BCdep +BQN€ BQJD Mjp Aﬁec (22)
Critical load exceedancdor soil acidification (EXC) refers to the amount of

atmospherically depositel and Sthat exceeds theotal critical acid load of an

ecosystemand is set as:

EXC= %ep +Njep Cl (23)
The criterion for sustainable foresblmass harvesting needs to ensure that there will be

no netdecline in soilbase saturation due to forest harvestingthedadverse effects &



and N deposition. The sustainable forest biomass assessment model to be presented is
formulated accordinglypy addressing nutrient specific mass balances, spspsfic
biomass and nutrient contents within trees from immature to mature growth stages, and

ion retention and exchange dynamics within soils

PRIMARY ELEMENT SOURCES

Parent Material Weathering

The wathering of soil parent material is the primary source ofssle cations
for plant growth (Werner & Spranger, 1996), as welloAdongterm soil buffering
capacity (Clayton, 1988)he dissolution of primary and secondary minerals femih
parent mateal is controlled by a number of factors such as mineral composition, soil
temperaturesoil moisture,soluble reactantsand soilphysical characteristiosSverdrup
& Warfringe, 1993)Mineral structure and chemical composition dictate the resistance of
minerals to weatheringranitic substrates composed of quartz ari¢ldspars are highly
resistant to weathering, wherebasaltic substrates containing olivitend to weather
rapidly (Goldich, 1938; Figure 2.1Jemperature and precipitation also afféwt rate of
weathering aglevatedsoil temperatures increase weathering rates (W4tital., 1999),
and soil moistureacts aghe primary driver of mineral dissolutiorand the dispersaif
soluble productgVelbel, 1985) Solubleweatheringeactantsud as organic acids, GO
H*, AI®*, andbase cationeffect weathering depending on the relative concentrations of
each within soil solution. Generally, organic acid$,add CQ tend to increase the rate
of weathering through hydrolysis reactions, wheré% and base cationgend to

decrease the rate of weathering by replacing the acidifying agents on soil exchange sites.
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Physical soil characteristics such as soil depth and bulk dehsitte the total surface

area available for weathering.

High —— Quartz
Muscovite
Potash Feldspar
|
Biotite
Weathering ] )
Resistance Alkalic plagioclase
1
Hornblende Alkalic-calcicplagioclase
1
Calciealkalicplagioclase
Augite
Calcigplagioclase
Low Olivine

Figure 2.1. The Goldich Stability Series, adapted from Goldich, 1938

Parent material weatheringates are one of the most poorly understood soll
processesdue to the complex relationships between the various factfiexting
weathering with little quantitdaive data availableQuimet & Duchesne, 200%;gkke et
al., 1996). Rates of weathering are also the main source of uncertainty within critical load
assessmentfli & McNulty, 2007). A variety of modelshave leen developed in an
attempt toquantify mineralweathering ratesncluding soil profilebasedmodelssuch as
Zirconium Depletion (Kirkwood & Nesbitt, 1991), PROFILE (Warfringe & Sverdrup
1992 andClay Content (Sverdruet al.,1990), as well as catchmenhsed models such
as MAGIC (Cosbyet al., 1985 and Mass Balance Deficit (Clayton, 197®revious

studies have shown significant variationgmodel odputsdepending on parent material

11



mineralogy and soil acidityLéngan et al., 1995; Whitfield et al., 2006a; Koseva,
Watmough & Aherne, 2030and nosingle model has proven to be superOuifnet &

Duchesng2005.

Within eastern Canadand United Stateghere is a growing body of evidence
that suggests soils are experienclmgsecation depletionsdue to soil acid sensitivity
(Federeret al.,1989 Yanaiet al.,1999;Ouimet et al, 2001Watmough & Dillon, 2001;
Bélangeret al., 2002. Nova Scotiasoils have been documented as exceptionally acid
sensitivedue to thecombination of smalsoil basecationpools (Whitfieldet al.,2006a
20068, as wd as low weathering rates dt@ considerablarea being underlain tsjates
or graniic andfelsic parent materialacross the provincgClair et al.,2002;Clair et al.,

2003; Ouimett al.,20086.

Atmospheric Deposition

Atmospheric deposition actss @oth a primary source of nutriertts forested
ecosystemgbut alsoas a sourcef acidifying compounds through industrial and urban S
and N emissionsBoth acidifying compounds (SOSQ?, NOs, NH,") andbase cations
(Mg*, C&*, K*) are known to beeaposited atmospherically in two main forms: wet and
dry deposition geeArp et al.,2001). Wet deposition in the form of rain, snow, sleet, hail
and fog is the result of atmospheric particles and gases being incorporated into cloud
droplets. The subsequeiarm of precipitation that these droplets take, the total amount
of precipitation receivedand the concentration of ions within the droplets will dictate the

amount of nutrient and acid deposit¢dovett, 1994). Dry deposition refers to the direct

12



sedimatation and diffusion of aerosol particles on vegetation and soil surfiees

amount ofwhich ismainly dictated by surface roughnes$icks et al.,1987).

SO,% and SQdepositiorfrom anthropogeniemissionsand marine salt influences
are extensive aoss Nova Scotia (Underwooet al., 1985) with SO* deposition
considered the primary sourcesafrface wateacidification due to seasonal runoff within
forested catchments (Kerekesal.,2004).Similarly, NO;  has been found to be a major
constituenbf wet deposition within eastern North America (Brydges & Summers, 1988).
Although he accumulation of atmospherically derived {N&hd NH," have been linked
to soil and watereutrophication throughout a number of forest regidfiepkinson &
Day, 1980; Fetzel & Kaiser, 200p within easterrNorth Americathisis not of concern
as temperateforests are typically nitrogen limitedVitousek & Howarth, 1991
McLauchlanet al., 2007). The accumulation of N within upland forest sdifgt is not
taken up by ggetationas an essential nutrierst therefore assumed to act solely as an
acidifying agentcausedby NOjs leaching Brydges & Summers, 1988and will not
result insoil N-saturation andubsequent¢utrophication.Base cationgssential for plant
growth (Mg?*, C&*, K*) are known to be deposited both through industrial emissions
(Hedin et al., 1994), as well as from windlown dust particles, primarily in arid and
semtarid regions (Changt al.,1996). Although parent material weathering is generally
considered the predominant input of sbdse cationsmany soils with acidic substrates
rely on atmospheric deposition as the primary sourcebade cationsto support

vegetation (Draaijerst al.,1997).

Within eastern North America the New England Gowveors and Eastern

Canadian Premiers Environmental Task Group on Forest Mapping developed a

13



nationwide protocol for modeling and mapping critical acid loadgrmabspheridN and S
(Carouet al.,2008). The coarseesolutiondata suggests that acid depositexteed the
buffering capacity oghallowforest soilswithin eastern Canada, by up to 500 ed &,
notably in southwest Nova Scot{®uimet et al., 2001). Although, due to emission
control strategieghere has been a noted decline of both acidbaseécationdeposition
within North Americaover thepast decade (Lajtha & Jones, 201®)current levelsof
acid depositiorstill exceed the soil buffering capacity, it may spitise a threat to forest

soilsacross eastern Canada

PRIMARY ELEMENT SINKS

BasecationDepletion

Both the wet and dry accumulation of acidifying compounds within forest soils is
known to cause leaching of essentialse cationgDeHayeset al., 1999), which can
result in forest growth reduction, and overall forest decline (Bsibet al., 2002;
McLaughlin, 1998). The leaching tfase cationprimarily occurs by allowing a toxic
form of inorganic aluminum (AP") to become mobile within soil solution due to a
decrease in soil pH (Delhaize & Ryan, 1995). This form of aluminune saluble, has
the ability to replacdase cationsn the soil caion exchange siteshereby forcingoase
cationsin solution, and thus more susceptible to leaching beyond the nutrienti.pool (
depletion;MossorPietraszewska, 2001). Quantifying®Aleaching, howeveiis difficult
due to the complexity of Adpeciatiorwithin soils (Mladkoveet al.,2005),as well as the
inherent difficulties inaddressinghe relative toxicity levels of Aspeciesbetween tree

speciesand across soil laye(ge Vries,1991).However,sincesoil cation leachng tends
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to be linearly related to atmospheric acid deposition lo&se(& Wright 1995,
atmospheridN and Sdeposition rates can be used to quantify the extent of primary acid

cation leaching (H Al*") andbasecationleaching (C&", Mg?*, K*, Na")

BiomassHarvesting

As stated previously,he export of biomass from a forested site acts as a
secondary sinkresulting in the removabf nutrients available for plant growth
(Jorgensoret al.,1975;Tewet al.,1986. Although nutrient removais linearly related to
the mass of organic material beiegported(Mann et al., 1988; Federeret al., 1989,
there is a high degree dbth spatial and temporakriation in abovegroundutrient
pools The amount of nutrientemovedduring a harvest event dependent an(i) the
tree species compositiorfi) the biomass compartmentseing removed, relating to
harvest type and seasonalignd (iii) the development stage of the tressthe time of
harvestNutrient exports 'm harvesting are highly dependent onrilative proportions
of tree species within the community due to differencegrowth rates anchutrient
demanddetween species (Augusét al., 200Q HagenThorn et al., 2004 Johnson &
Cole, 200%. Generally,hardwoodsrequire greater amounts of nutrients than conifers
(Perala & Alban, 1982; Wilson & Grigal, 199%teMarie et al., 2007), although
significant differences within these two classes are also ev{@athonet al., 1998;
Augusto et al., 2000. Thesedifferencesare directly related to the accumulation and
storage of nutrients within individuabiomass compartmentd-oliage basecation
concentrations argenerally greater in hardwao@ugustoet al.,2002),but even within

individual treesnutrientconcentrations tend to follow élstemwood < branches < bark
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< foliagesequencé¢Pastor & Bockheim, 1984Nanget al.,1991;Mou et al.,1993. The
type of harvesimplementedis therefore an important determining factor in the total
export of nutrientsrbm a forestd site Traditional sterronly harvesting is generally
acceptedis having a comparatively l@vimpact on forest nutrient poolsanwhole-tree
removalin both coniferand hardwoodommunitiegOlssonet al.,1996andMroz et al.,

1985 respeately).

Numerousstudieswithin Nova Scotiahave suggested thathole-tree removal
acts as a substantial export of primary nutrients due to branch and fiagartments
beingrelatively nutrient rich (Freedman, 1981; Freedneral., 1981; Freedmaset al.,
1986).Stand developmerdtageat the time of harvestisoaffectsthe amount of nutrients
exportedbecauseyounger stands accumudanutrients more rapidly than older stands
(Miller, 1995), with young trees hamg a greateportionof nutrient richbark and foliage

biomasghanstemwoodand branchefAugustoet al.,2000).

Within critical load methods the removal of biomassnd subsequent nutrient
massis expressed as uptak®C,, andN,p, Eq. 2.2) Three harvest scenarios argedto
representhevariation inbiomass compartmentmovaldepending on the type of harvest
event stemonly (stemwood and barkcompartments full-tree brown $temwood bark
and branchcompartmentis and fulttree green gtemwood bark, branch and foliage
compartmengs Compartmentshat are not represented within the uptake equatiodsr
these three scenariase assumed to remain within the nutrient poalhefforested site
(see Bosmaeet al.,2007). Although few studies have illustrated the impacts of biomass
harvesing on soil critical acid loads, ithin southern OntarioWatmough & Dillon

(2003) found that critical acid loads generally were not exceeded within forested
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catchments fronbasecationdepletion alone, buvith the addition ofa stemonly harvest

scenam, all catchments were exceeded
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CHAPTERS3

FORESTBIOMASS PROJECTIONYS: A COMPARISON OFTWO CURRENT
PUBLISHED STEM BIOMASS EQUATION SETS WITH ANEWLY RECOMMENDED
METHOD OFOBTAINING STEM BIOMASS

INTRODUCTION

The method of predicting individual tree biomass through allometric relationships
between tree ithensions is termed "dimensional analysis" (Whittaker & Woodwell,
1968). This method is used to indirectly quantify forest biomass to determine sustainable
harvest levelg{Gronowskaet al.,2009) as well as a means of calculating forest carbon
budgets(Kurz et al., 2002) The following chapter discusses the various dimensional
analyses conducted in order to predict stem biomass, faodifmercialtree species
within the Nova Scotia forest inventdryA stemwood density dependannethod of
projecting stenbiomass will be compared to two published biomass equation sets, both
of which were found to be generally limited to & 20 40cm DBH range. Thidias
became apparent when combining the project
estimates (Honeet al., 1983), and comparing the resulting wood density trends with
published wood densities by Gonzalez, (1990). Tgnsblem also concurs with the
conclusion drawn by Neumann & Jandl (2005), that parameter dependant biomass
equations rarely account for thentire range of potential stem diameters, and may
therefore limit the accuracy of stand level biomass estimations (see also Jgn&ins

2003).

! seeAppendix Ifor the complete list of tree species within the Nova Scotia forest inventory.
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METHODOLOGY
The two sets of published equations assessed were regional diameter based
equations by Ker (19&() 1980b), and national diameter based equations by Laetbert

al., (2005), respectively, as set by:

Stemer = cexp(gstenl + gerﬂ In( DBH) (31)

Stemambert = (bwood ( DBHbWOOdz) ‘( Q)ark ( DBH 43anQ) (32)

whereStemrefers to total stem biomass (kg) for both Kex andLambertequation sts,

g refers to Ker's speciespecific biomass parameters (Appendix K),denotes the
correction factor used to remove bias from linear to logarithmic regression analyses, and
b refers to Lambert's specigpecific biomass parameters (Appendix Ill). The Ker studies
were formulated for 17 commerciee species, native to tieadian forestegion (see

Rowe 1972) and in order to maintain consistency, only those species cortoriooth
studies were reviewegd@able 3.1) Using both equation sets, ovdry stem biomass was
calculated for each species across a broad rahgiem diameter&- to 100cm DBH).

For simplicity, equation sets using only DBH as the predictive variahie wsed, and all
equations were realized within the Modelmaker modeling framework (1999). Stem
densiteswerecalculated using the projected stem biomass estimates and Honer volumes,
across the DBH range, for each speciE#se method of gdicting stem bimassfirst

involvedallometricallyrelatingstemdiameterto volume, suchhat:

Volume= a DBH (33)
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where Volumerefers to individual stem volume fin anda and b are leassquares
calibrated, speciespecific parameter values, validdt using Honer's volumes. Stem

biomass was then calculated by setting:

M

stem

= Volume C (34)

whereMgemrefers to stem biomass (tonnes), &ndre the speciespecific stem densities

taken from Gonzalez (1990; tonnes; AppendixIV).

Table 31. Common name, Latin name and species code of the 17 tree spewighin this study.

Common Name Latin Name Species Code
Beech Fagus grandifolia BE
Balsam Fir Abies balsamea BF
Black Spruce Picea mariana BS
Eastern Hemlock Tsuga canadensis EH
Eastern Larch Larix laricina TL
Eastern White Cedar Thuja occidentalis EC
Eastern White Pine  Pinus strobus WP
Jack Pine Pinus banksiana JP
Red Maple Acer rubrum RM
Red Pine Pinus resinosa RP
Red Spruce Picea rubens RS
Sugar Maple Acer saccharum SM
Trembling Aspen Populus tremuloides TA
White Ash Fraxinus americana WA
White Birch Betula papyrifera WB
White Spruce Picea glauca WS
Yellow Birch Betula alleghaniensis YB

RESULTS ANDDISCUSSION

The diameterolume relationship parameter@ #ndb) as they relate to Honer's
volumes are found in Table 3.&long with the error and?®rvalues. The close
correspondence between predicted and Honer's volumes suggests that volume can be

directly calculated from tree diameters alone, with considerable confidérc8.068).
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Table 3.2. Speciespecific volumediameter relationship parameter values (a and b; Eq. 3.4), error
values (), andr® values.

a + b + r?

BE 0.000628150.00000634 2.0059 0.0022 0.99995
BF 0.000614100.00015273 2.0201 0.0538 0.96863
BS 0.000606110.00015618 2.0146 0.0558 0.96863
EC 0.000464980.00013511 2.0108 0.0629 0.97723
EH 0.000522210.00011895 2.0419 0.0493 0.97733
JP  0.000632780.00013433 2.0110 0.0460 0.97746
RM 0.000561280.00012383 2.0049 0.0478 0.98175
RP  0.000635080.00010506 2.0299 0.0358 0.98395
RS 0.000606110.00015618 2.0146 0.0558 0.96863
SM 0.000602750.00011363 2.0097 0.0408 0.98404
TA 0.000694860.00012644 2.0113 0.0394 0.97998
TL  0.000696420.00010359 2.0109 0.0322 0.98660
WA 0.000561280.00012383 2.0049 0.0478 0.98175
WB 0.000560590.00009831 2.0025 0.0380 0.98872
WP 0.000589190.00002906 2.0723 0.0107 0.99827
WS 0.000587530.00002514 2.0369 0.0093 0.99903
YB  0.000573600.00001317 2.0096 0.0050 0.99979

Predicted and published wood densities are plotted for all 17 species in Figures
3.1- 3.17, versus Honer's volumes. Generally, predicted densities were eitieer amd
overestimated for small volume stems, and always overestimated for large volume stems
for both the Ker and Lambert equation sets, with many species approaching or exceeding
1 tonne rit. The stem biomass predictions (Eq. 3.1, 3.2 and 3.4) are phuttess the
DBH range for each species in Figures 3.8334. Generally, estimates are comparable
between studies within the first 4®n DBH, although the Lambert equations tend to
produce the highest biomass estimates for diameters >40cm, with few i@exsept

Although regression equations are generally the dominant method of predicting
stem biomass (Crow & Schlaegel, 1988), a number of biomass and carbon studies have

used wooelensity corrected methods, particularly within tropical regions (Brown &
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Lugo, 1984; Fearnside, 1997; Ketterings et al., 2001). Parresol & Thomas (1989) first
introduced the concept of a densityegral approach for calculating stem biomass, and
concluded that this approach gave more precise estimates than other predictive methods
(see Parresol & Thomas, 1996; Thoreaal.,1995). A study by Schroedet al.,(1997),
evaluating biomass expansion factors (BEF's), which were used to allometrically convert
vol ume to total tree biomass, suga@lenet ed t |
would be equal to the average wood density of broadleaf stands within the northeast
United States. The approach discussed within this chapter takes this concept one step
further by applying specsespecific volumes and wood densities as they retataitrent

stand compositions. In summary, due to the elevated wood densities projected from both
parameter driven functions (Eq. 3.B.2), it is suggested that the revised function (Eq.

3.4) be used to calculate systematic, and waeukity correct bionss projections, and is

the current approach used within this study.

1.2 |
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Figure 3.1. Beech stem density (tonnesAnover volume (n?) using biomass equations by Lamberet
al., (2005) and Ker (1980a; 1980b), as well as published density by Gonzalez (1990).
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Figure 3.2. Balsam Fir stem density (tonnes/fh over volume (n?) using biomass equations by
Lambert et al.,(2005) and Ker (1980a; 1980b), as well as published density by Gonzalez (1990).
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Figure 3.3. Black Spruce stem density (tonnesfnover volume (nf) using biomass equations by
Lambert et al.,(2005) and Ker (1980a; 1980b), as well as published density by Gonzalez (1990).
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Figure 3.4. Eastern Hemlock stem density (tonnesfnover volume (n?) using biomass equations by
Lambert et al.,(2005) and Ker(1980a; 1980b), as well as published density by Gonzalez (1990).
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Figure 3.5. Eastern Larch stem density (tonnes/M over volume (n?) using biomass equations by
Lambert et al.,(2005) and Ker (1980a; 1980b), as well as published density by GonzalezZ9)9
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Figure 3.6. Eastern White Cedar stem density (tonnes/inover volume (n) using biomass equations
by Lambert et al.,(2005) and Ker (1980a; 1980b), as well as published density by Gonzalez (1990).
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Figure 3.7. Eastern White Pine stem density (tares/nT) over volume (n?) using biomass equations
by Lambert et al.,(2005) and Ker (1980a; 1980b), as well as published density by Gonzalez (1990).
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Figure 3.8. Jack Pine stem density (tonnesfnover volume (n?) using biomass equations by Lambert
et al.,(2005) and Ker (1980a; 1980b), as well as published density by Gonzalez (1990).
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Figure 3.9. Red Maple stem density (tonnes/i over volume (nf) using biomass equations by
Lambert et al.,(2005) and Ker (1980a; 1980b), as well as published density byrzalez (1990).
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Figure 3.10. Red Pine stem density (tonnesfinover volume (n?) using biomass equations by
Lambert et al.,(2005) and Ker (1980a; 1980b), as well as published density by Gonzalez (1990).
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Figure 3.11. Red Spruce stem density (tonnesfjnover volume (nT) using biomass equations by
Lambert et al.,(2005) and Ker (1980a; 1980b), as well as published density by Gonzalez (1990).
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Figure 3.12. Sugar Maple stem density (tonnesfnover volume (n?) using biomass equations by
Lambert et al.,(2005) and Ker (1980a; 1980b), as well as published density by Gonzalez (1990).

1 .
e — Tremblin
Eos — 9
¢ _— Aspen
c 0.6
e = ambert Density
> 0.4 .
é - Ker Density
8 0.2 —— Gonzalez Density

0

0 2 4 6 8
Volume (n?)

Figure 3.13. Trembling Aspen stem density (tonnes/fover volume (n?) using biomass equations by
Lambert et al.,(2005) and Ker (1980a; 1980b), as well as published density Bpnzalez (1990).
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Figure 3.14. White Ash stem density (tonnes/fh over volume (nf) using biomass equations by
Lambert et al.,(2005) and Ker (1980a; 1980b), as well as published density by Gonzalez (1990).
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Figure 3.15. White Birch stem density (tonnesn®) over volume (nf) using biomass equations by
Lambert et al.,(2005) and Ker (1980a; 1980b), as well as published density by Gonzalez (1990).
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Figure 3.16. White Spruce stem density (tonnesfnover volume (nf) using biomass equations by
Lambert et al, (2005) and Ker (1980a; 1980b), as well as published density by Gonzalez (1990).
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Figure 3.17. Yellow Birch stem density (tonnes/f) over volume (n?) using biomass equations by
Lambert et al.,(2005) and Ker (1980a; 1980b), as well as published dendity Gonzalez (1990).
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Figure 3.18. Beech stem biomass (tonnes) over stem DBH (cm) using biomass equations of Langiert
al., (2005) and Ker (1980a, b)as well as the generated method in this paper.
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Figure 3.19. Balsam Fir stem biomass (tonnes) ovetesn DBH (cm) using biomass equations of
Lambert et al.,(2005) and Ker (1980a, b)as well as the generated method in this paper.
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Figure 3.20. Black Spruce stem biomass (tonnes) over stem DBH (cm) using biomass equations of
Lambert et al.,(2005) and Ke (1980a, b),as well as the generated method in this paper.
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Figure 3.21. Eastern Hemlock stem biomass (tonnes) over stem DBH (cm) using biomass equations of
Lambert et al.,(2005) and Ker (1980a, b)as well as the generated method in this paper.
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Figure 3.22. Eastern Larch stem biomass (tonnes) over stem DBH (cm) using biomass equations of
Lambert et al.,(2005) and Ker (1980a, b)as well as the generated method in this paper.
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Figure 3.23. Eastern White Cedar stem biomass (tonnes) over stem DBIdm) using biomass
equations of Lambertet al.,(2005) and Ker (1980a, b)as well as the generated method in this paper.
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Figure 3.24. Eastern White Pine stem biomass (tonnes) over stem DBH (cm) using biomass equations
of Lambert et al.,(2005) and Ker(1980a, b),as well as the generated method in this paper.
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Figure 3.25. Jack Pine stem biomass (tonnes) over stem DBH (cm) using biomass equations of
Lambert et al.,(2005) and Ker (1980a, b)as well as the generated method in this paper.
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Figure 3.26. Red Maple stem biomass (tonnes) over stem DBH (cm) using biomass equations of
Lambert et al.,(2005) and Ker (1980a, b)as well as the generated method in this paper.
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Figure 3.27. Red Pine stem biomass (tonnes) over stem DBH (cm) using biomassatiquns of
Lambert et al.,(2005) and Ker (1980a, b)as well as the generated method in this paper.
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Figure 3.28. Red Spruce stem biomass (tonnes) over stem DBH (cm) using biomass equations of
Lambert et al.,(2005) and Ker (1980a, b)as well as the geerated method in this paper.
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Figure 3.29. Sugar Maple stem biomass (tonnes) over stem DBH (cm) using biomass equations of
Lambert et al.,(2005) and Ker (1980a, b)as well as the generated method in this paper.
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Figure 3.30. Trembling Aspen stem lmmass (tonnes) over stem DBH (cm) using biomass equations of
Lambert et al.,(2005) and Ker (1980a, b)as well as the generated method in this paper.
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Figure 3.31. White Ash stem biomass (tonnes) over stem DBH (cm) using biomass equations of
Lambert etal., (2005) and Ker (1980a, b)as well as the generated method in this paper.
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Figure 3.32. White Birch stem biomass (tonnes) over stem DBH (cm) using biomass equations of
Lambert et al.,(2005) and Ker (1980a, b)as well as the generated method in th paper.
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Figure 3.33. White Spruce stem biomass (tonnes) over stem DBH (cm) using biomass equations of
Lambert et al.,(2005) and Ker (1980a, b)as well as the generated method in this paper.
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Figure 3.34. Yellow Birch stem biomass (tonnes) ovetesn DBH (cm) using biomass equations of
Lambert et al.,(2005) and Ker (1980a, b)as well as the generated method in this paper.
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CHAPTERA4

FORESTBIOMASS PROJECTIONII: DIAMETER-BASED BARK, BRANCH, STEM-
WOOD AND FOLIAGE BIOMASS PROJECTIONS

INTRODUCTION

The national Lambert equations (Lambetral.,2005) and regional Ker equations
(Ker, 1980a; 1980b) introduced in the previous chapter provide a practical means of
determining diametelpased, tree biomass in respect to abgrne@indcompartmentgno
roots or stump). In the preceding chapter, it was shown that both the Lambert and Ker
stembiomass equations were generally in good agreement with the expectations arising
from multiplying stem volume with wood density, within a limited empirical range.
Outside this range, the published stem biomass estimates were found to be exaggerated,
and t is assumed that the wod@nsity correct projections provide better estimates of
stem biomass. This chapter is a continuation of the previous, and describes the process of
developing consistently viabktemwood, foliage, branch and bark biomass prajacs
by way of proraeéd biomass expansion factors (BEE¥ing the woodlensity correct

stem biomass projections from Chapter 3.

METHODOLOGY
ProratedBEF'sof bark, branchstemwoodand foliage were calculated across the

DBH range for both the Lambeahd Ker equation sets, such that:

RTissue = Aeng B In( DBH) (4 1)

42



whereR refers to the prorated ratio for each compartmiéot.the Lambert equation set,

A andB were calculated as:
(4.2)

— é' le
ambert — ab
C “stent
4.3)

BLambert:(bXZ - Qterﬁ)
where subscripK denotes one of the 4 aboveground tree biomass compartmens and

refers to Lambert's specispecific parameter§l and 2)per biomass compartmelisee

Appendix Ill). For the Ker model, a modified version of the\aequations accounts for

the correction factor used to remove bias from linear to logarithmic regression analysis

(¢), such that:
ac, O
A =2~ 8P(Ga - Gen) (4.4)
C>stem
(4.5)

where 9 refers to Ke&s speciespecific parameters pdsiomass compartmenfsee

Appendix 1l). The above equations were realized within the Modelmaker modeling
framework (1999). Final biomags®mpartmenwvalues are calculated by multiplying the

stem biomasiMstem EQ. 34) with the prorate®EF ratio from Eq. 4.1.

RESULTS ANDDISCUSSION
All speciesspecific biomass parameter valuésand B) are compiled in Tables

4.1 and 4.2 for the Lambert and Ker equation sets, respectively. Plotted biomass
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compartment ratios for eache& species can be found in Figures 4.4.34, which
alternate between the Lambert and Ker equation sets. Both equation set ratios were
generally found to correlate well for hardwoods, but in the case of conifers, the Ker
equations tend to overestimate thelative contribution of foliage and branch
compartments to total biomass, particularly within small diameter classes. The only
major discrepancy observed was the linear trend in Lambert's Red Spruce branch ratio.
As seen i n Appe nithaametdr Is Isignificartlyelower rtham ail lotheb
speci es, and contradicts Kerds observation
similar growth patterns (Ker, 1984). Since the resulting trends between the two studies
are comparable, it is recommendedttli) the prorated Lambert parameters be used to
calculate compartmerspecific biomass due to greater species representation than the
Ker studies, and (ii) that Lambert's Red Spruce branch parameter be substituted with the

Black Spruce branch parametas, suggested by Ker.

Due to the nature of regression equations for calculating tree biomass,
compartmenspecific projections would follow the same trend as the stem biomass
projections, which as shown in Chapter 3, are limited to a narrow DBH rangse. It
therefore assumed that compartmsmecific biomass can be determined with greater
accuracy when the regression parameters are converted ted®fhdant BEF ratios,
and used in conjunction with densitgrrected stem biomass estimates. The use of BEF's
to calculate compartmespecific biomass from stem biomass projections has been
applied extensively (Somoget al.,2006; Brownet al.,1999; Teobaldellet al.,2009),
although previous approaches have typically used stem biomass regression egsiations a

the basis for BEF's, which likely oweor underestimate stem biomass (see Chapter 3).
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Although the stem biomass projections from Chapter 3 are shown to be volume and
density dependant, stahelel stem biomass projections can be calculated by simply
substituting individual stem volume with merchantable stand volume, per tree species.
This method, in addition to using average stand diameters, allows for stand level biomass
estimations to be calculated directly from forest inventory data. Biomass estoaates

then be summed to represent differences in harvest scenarios (Figure 4.35), as discussed

in further detail in Chapter 7.

45



Table 4.1. Derived speciespecific parameter values (A and B; Eg. 4.5 and 4.6 respectively), for each
of the biomasscompartment ratio equations adapted from Lambertet al., (2005).

Foliage Bark Branches Stemwood Total
A B A B A B A B A B
BE 0.2357-0.67860.0752-0.05620.2320 0.0730 0.9267 0.0036 1.2714 0.0105
BF 0.8350-0.72550.1778-0.0466 0.1082 0.1456 0.8257 0.0080 1.3246-0.0115
BS 2.8232-1.07560.2621-0.24700.4762-0.40600.8172 0.0248 1.4357 -0.0594
EC 0.6528-0.47640.1491-0.06100.4382-0.26750.8555 0.0079 1.6164-0.0647
EH 1.0274-0.67440.1840-0.04570.2873-0.1086 0.8195 0.0082 1.5207 -0.0479
JP 0.4255-0.65760.2013-0.3163 0.0864 0.0289 0.8795 0.0175 1.1869-0.0128
RM 0.4206-0.80240.2377-0.23290.1429 0.1624 0.8281 0.0226 1.1587 0.0270
RP 0.3206-0.35440.2843-0.3707 0.0499 0.3281 0.8529 0.0231 1.1083 0.0326
RS 0.0564 0.1571 0.1881-0.17340.0043 1.0108 0.8458 0.0172 0.5113 0.2421
SM 0.2379-0.58710.3820-0.35600.1998 0.0940 0.7962 0.0328 1.2501 0.0124
TA 0.3400-0.83100.2188-0.06650.1042 0.0600 0.7881 0.0136 1.1438 0.0002
TL 1.0990-0.93900.2387-0.3156 0.2689-0.1613 0.8575 0.0210 1.3454-0.0356
WA 0.5015-0.92240.1841-0.15550.2091 0.0790 0.8439 0.0164 1.2469 0.0103
WB 0.7582-0.85480.1875-0.08460.1875 0.0633 0.8234 0.0127 1.2726-0.0013
WP 0.2400-0.32490.1623-0.0586 0.0473 0.3387 0.8426 0.0085 1.0718 0.0382
WS 3.6451-1.0856 0.2641-0.2504 0.6443-0.47030.8174 0.0249 1.5246-0.0715
YB 0.5310-0.76860.0911 0.0816 0.1447 0.2385 0.9169-0.00901.1211 0.0556

Table 4.2. Derived speciespecific parameter values (A and B; Eg. 4.7 and 4.8 respectively), for each
of the biomasscompartment ratio equations adapted from Ker, (1980a; 1980b).

Foliage Bark Branches Stemwood Total
A B A B A B A B A B
BE 0.1768-0.65060.1141-0.16550.2217 0.0899 0.89010.0147 1.4174-0.0271
BF 1.2107-0.71950.2383-0.15411.4152-0.61390.77480.0296 3.0761 -0.2649
BS 1.5845-0.71150.2414-0.2506 1.2558-0.49000.78100.0422 3.2794 -0.2544
EC 0.5828-0.65000.1542-0.04780.7946-0.52720.8417 0.0098 1.8587 -0.1267
EH 0.6855-0.65890.2068-0.0758 0.8929-0.42610.79930.0152 2.3942 -0.1882
JP 0.2732-0.43710.3521-0.4967 0.3534-0.24400.7462 0.0695 2.0299 -0.1592
RM 0.1786-0.68890.2219-0.19990.1876 0.0088 0.78580.0377 1.3090-0.0219
RP 0.2123-0.26720.2698-0.31910.1438 0.0739 0.76480.0526 1.4599 -0.0389
RS 1.5845-0.71150.2414-0.2506 1.2558-0.49000.78100.0422 3.2794 -0.2544
SM 0.1257-0.66130.1664-0.09190.1516 0.0238 0.80920.0266 1.2644 -0.0227
TA 0.1854-0.66410.2538-0.10390.1417 0.0949 0.77260.02791.3012-0.0219
TL 0.1102-0.46820.2761-0.3604 0.3065-0.27450.7626 0.0578 1.5530-0.0900
WA 0.1492-0.67170.1794-0.1887 0.2910-0.17140.8327 0.0254 1.3659-0.0436
WB 0.1822-0.58590.2411-0.17990.1580 0.0479 0.77480.0337 1.3182-0.0281
WP 1.6690-1.0707 0.3751-0.35791.7973-0.82740.72090.0619 3.9095 -0.3940
WS 0.8538-0.5267 0.2484-0.28230.7049-0.30020.7746 0.0477 2.3056 -0.1463
YB 0.1687-0.69590.1676-0.11140.3123-0.06150.8358 0.0169 1.4877 -0.0534
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Lambert Beech Tissue Ratios
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Figure 4.1. Relationship between Beecltompartment ratios (compartment mass / stem mass) and
DBH (cm) using the published equations by Lamberet al.,(2005).
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Figure 4.2. Relationship between Beechompartment ratios (compartment mass / stem mass) and
DBH (cm) using the published equations by Ker, (1980a).
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Lambert Balsam Fir Tissue Ratios
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Figure 4.3. Relationship between Balsam Ficompartment ratios (compartment mass / stem mass)
and DBH (cm) using the published equations by Lambergt al.,(2005).
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Figure 4.4. Relationship between Balsarfrir compartment ratios (compartment mass / stem mass)
and DBH (cm) using the published equations by Ker, (1980b).
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Lambert Black Spruce Tissue Ratios
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Figure 4.5. Relationship between Black Spruceompartment ratios (compartment mass / stem mass)
and DBH (cm) using the published equatins by Lambert et al.,(2005).
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Figure 4.6. Relationship between Black Spruceompartment ratios (compartment mass / stem mass)
and DBH (cm) using the published equations by Ker, (1980b).
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Lambert Eastern Hemlock Tissue Ratios
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Figure 4.7. Relationship between Eastern Hemlockompartment ratios (compartment mass / stem
mass) and DBH (cm) using the published equations by Lambeet al.,(2005).
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Figure 4.8. Relationship between Eastern Hemlockompartment ratios (compartment mass / stem
mass) and DBH (cm) using the published equations Wer, (1980a).
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Lambert Eastern Larch Tissue Ratios

S 2
?
®
£ 15
£ ~—— —— Bark Ratio
g 1 Branch Ratio
é - Foliage Ratio
2 0.5 \ —— Stemwood Ratio
7]
'E ¥ Total Mass Ratio

0

0 20 40 60 80 100
DBH (cm)

Figure 4.9. Relationship between Eastern Larchcompartment ratios (compartment mass / stem
mass) and DBH (cm) using the published equations by Lambeet al.,(2005).
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Figure 4.10. Relationship between Eastern Larclttompartment ratios (compartment mass / stem
mass) and DBH (cm) using the published equations by Ker, (1980b).
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Lambert Eastern White Cedar Tissue Ratios
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Figure 4.11. Relationship between Eastern White Cedatompartment ratios (compartment mass /
stem mass) and DBH (cm) using the published equations by Lambeat al.,(2005).
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Figure 4.12. Relationship between Eastern White Cedatompartment ratios (compartment mass /
stem mass) and DBH (cm) using the published equations by Ker, (1980a).
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Lambert Eastern White Pine Tissue Ratios
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Figure 4.13. Relationship between Eastern White Pineompartment ratios (compartment mass /
stem mass) and DBH (cm) using the published equations by Lambeat al.,(2005).
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Figure 4.14. Relationship between Eastern White Cedatompartment ratios (compartment mass /
stem mass) and DBH (cm) using the published equatiohy Ker, (1980a).
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Lambert Jack Pine Tissue Ratios
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Figure 4.15. Relationship between Jack Pineompartment ratios (compartment mass / stem mass)
and DBH (cm) using the published equations by Lambergt al.,(2005).
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Figure 4.16. Relationship between Jack Pineompartment ratios (compartment mass / stem mass)
and DBH (cm) using the published equations by Ker, (1980b).
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Lambert Red Maple Tissue Ratios
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Figure 4.17. Relationship between Red Mapleompartment ratios (compartment mass / stem mass)
and DBH (cm) using the published equations by Lambergt al.,(2005.
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Figure 4.18. Relationship between Red Mapleompartment ratios (compartment mass / stem mass)
and DBH (cm) using the published equations by Ker, (1980b).
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Lambert Red Pine Tissue Ratios
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Figure 4.19. Relationship between Red Pineompartment ratios (compartment mass / stem mag)
and DBH (cm) using the published equations by Lambergt al.,(2005).
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Figure 4.20. Relationship between Red Pineompartment ratios (compartment mass / stem mass)
and DBH (cm) using the published equations by Ker, (1980b).
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Lambert Red Spruce Tissue Ratios
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Figure 4.21. Relatiorship between Red Spruceompartment ratios (compartment mass / stem mass)
and DBH (cm) using the published equations by Lambergt al.,(2005).
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Figure 4.22. Relationship between Red Spruasompartment ratios (compartment mass / stem mass)
and DBH (cm) using the published equations by Ker, (1980b).
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Lambert Sugar Maple Tissue Ratios
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Figure 4.23. Relationship between Sugar Mapleompartment ratios (compartment mass / stem mass)
and DBH (cm) using the published equations by Lambergt al.,(2005).
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Figure 4.24. Relationship between ®yar Maple compartment ratios (compartment mass / stem mass)
and DBH (cm) using the published equations by Ker, (1980a).
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Lambert Trembling Aspen Tissue Ratios
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Figure 4.25. Relationship between Trembling Aspesompartment ratios (compartment mass / stem
mass) and DBH (cm) using the publised equations by Lambertet al.,(2005).
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Figure 4.26. Relationship between Trembling Aspesompartment ratios (compartment mass / stem
mass) and DBH (cm) using the published equations by Ker, (1980b).
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Lambert White Ash Tissue Ratios
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Figure 4.27. Relationship between White Asttompartment ratios (compartment mass / stem mass)
and DBH (cm) using the published equations by Lamberét al.,(2005).
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Figure 4.28. Relationship between White Aslttompartment ratios (compartment mass / stem mass)
and DBH (cm) using the published equatios by Ker, (1980a).
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Lambert White Birch Tissue Ratios
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Figure 4.29. Relationship between White Birclcompartment ratios (compartment mass / stem mass)
and DBH (cm) using the published equations by Lambergt al.,(2005).
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Figure 4.30. Relationship between White Birclcompartment rati os compartment mass / stem mass)
and DBH (cm) using the published equations by Ker, (1980b).
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Lambert White Spruce Tissue Ratios
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Figure 4.31. Relationship between White Spruceompartment ratios (compartment mass / stem
mass) and DBH (cm) using the published equations by Lambeet al, (2005).
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Figure 4.32. Relationship between White Spruceompartment ratios (compartment mass / stem
mass) and DBH (cm) using the published equations by Ker, (1980b).
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Lambert Yellow Birch Tissue Ratios
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Figure 4.33. Relationship between Yellow Birchcompartment ratios (compartment mass / stem
mass) and DBH (cm) using the published equations by Lambeet al.,(2005).
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Figure 4.34. Relationship between Yellow Birchcompartment ratios (compartment mass / stem
mass) and DBH (cm) using the published equations by Ker, (1980a).
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Figure 4.35. Process flowchart illustrating stand level biomass estimations for each of the three
harvest scenarios.
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CHAPTERS

FORESTBIOMASS PROJECTIONSII: A REVIEW OF SPECIESSPECIFICNUTRIENT
CONCENTRATIONS (N, K, CA, MG) IN TREEBARK, BRANCH, STEM-WOOD AND
FOLIAGE BIOMASS COMPARTMENTS

INTRODUCTION

The accumulation, retention and cycling of nutrients between trees and soll
involve a suiteof complex spatial and temporal factors that are not easily quantified
(Boucher, 1999)This quantification is, however, essential for understanding the impacts
of biomass removal on forest site productivity and sustainability (Freedtran 1981;

Ouimet et al., 2006. The extent of podtiomass harvesting nutrient availability is
directly dependent on the forest biomass that remains on site @iahn1988), but the
concentrations and distributions of nutrient elements tend to differ between eressp

and biomass compartment (e.g., bark, branches, foliage;vgtenh coarse and fine
roots). Relating the concentrations and amounts of these nutrients within trees by species
and compartment is therefore important for modelling stawel nutrient bdgets, and
postharvest nutrient availability. The objectives of this chapter are to: (i) compile
nutrient concentrations of N, K, Ca and Mg, and review their relationships to one another,
by aboveground biomass compartment (bark, branch, stemd, foligge), for 16
commercial Acadian Forest tree spetiesing three data sources; (ii) use the compiled
data to establish a nutrient lookup table for each tree species and biomass compartment

for use within the Nova Scotia Biomass Decision Support Tool.

2 See Table 3.1, with the exceptionwhite Ash, which wasiot available for comparison between data
sources
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DATA SOURCES

Tree Chemistry Database (TCD)

The TCD (v1.0) was developed by the United States Department of Agriculture,
Forest Service, in order to support the development of regional critical acid loads and
exceedances, by facilitating the linkage between bgsmremoval and nutrient exports
(see Pardcet al., 2004). The database contained over 200 publications, summarizing
concentrations of C, N, P, K, Ca, Mg, Mn, and Al for abgveund treebiomass bark,
branch, steawood and foliage compartments. The TCDowkd for speciespecific
search criteria of trees native to the negtfstern United States and eastern Canada, by

way of a Microsoft Access (2002) database (see Appendix V for detailed search criteria).

Acid Rain Network Early Warning System (ARNEWS)

The ARNEWS network was established by the Canadian Forest Service in 1984
as a means of detecting the impacts of air pollution on forest health across Canada (see
D 6 E etral.,1994). Concentrations of N, P, K, Ca and Mg were summarized for bark,
branch, ;emwood and foliage components by Moayeri (2001), from over 95 nation
wide ARNEWS plots ARNEWS CDROM, 2000, Veedata foldey. Originally, tree
species were grouped into 5 categories based on community type: tolerant hardwood,
intolerant hardwood, spruc@ine and fir. For the purpose of this study, a number of
species were removed from the groupings in order represent only tree species native to
eastern Canada. Additionally, the available data was expanded into 8 categories: (i)
tolerant hardwood (Red Nde, Sugar Maple, Yellow Birch, Beech, Red Oak), (i)

intolerant hardwood (Largmoth Aspen, Trembling Aspen), (iii) White Birch, (iv)
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spruce (Red Spruce, Black Spruce), (v) White Spruce, (vi) pine (Red Pine, White Pine),
(vi) Jack Pine, and (viii) Balsa Fir. Sterawood and bark samples were collected from
125 trees during the summer of 1995. Total concentrations of N, P, K, Ca and Mg were
analysed using the laboratory procedures described by €lasé, (1996). Foliage
element concentrations were takieam the Canadian Forest ServiceRNEWS CD

ROM, 2000, Nuifol file) following the ARNEWS sampling procedures described by

D 6 E etral., (1994). Additionally, due to differences in sampling efforts, a series of
predictive functions were developed by Moay@001) for missing sterwood, bark and
foliage nutrient concentrations. Branch element concentrations were estimated through

regression analyses using independent data by Malieinalg (1990).

Nova Scotia Forest Biomass Nutrient Project {{REB\P)

The NSFBNP was initiated in 2008 as a joint project between the Nova Scotia
Department of Natural Resources and the University of New Brunswick in order to
establish baseline information on nutrient contents within trees and soils for select upland
forestlocations across Nova Scotia (Keys & Arp, 2009). Eight uniquevsgiétation
combinations were identified within 4 locations, each with a minimum of 2 plots,
representing harvested and-harvested conditions, for a total of 34 vegetation sampling
plots. Twelve tree species were analyzed: White Ash, Balsam Fir, Black Spruce; Large
tooth Aspen, Red Oak, Red Maple, Red Spruce, Sugar Maple, White Birch, White Pine,
White Spruce and Yellow Birch. Biomass compartments were sampled from live tree
crowns for folage, twigs, bark and wood, the latter two compartments being sampled

from large diameter branches. Species composite samples of each biomass compartment
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were stored at room temperature in plastic bags. Vegetation analyses consisted of total C,
N, S, P, K,Ca, and Mg (%, od), total Mn, Fe, Zn, Al (ppm, od), st®ood and bark
density (g crif), and moisture (%, od) for both prand postharvest wood, bark, twig
and foliage compartments following the organic matter digestion procedures described by

Mckeagug(1978).

METHODS

Total concentrations of N, K, Ca and Mg for bark, branch, foliage andwtad
biomass compartments were summarized within-foss, illustrating their variation by
data source. In order to quantify data source variations, a seriegression analyses
were conducted in order to (i) relate the TCD to both the ARNEWS arBEBWF for
each biomass compartment and nutrient element, and (ii) compare the TCD with both the
ARNEWS and NSBNP for the combined compartmsnby nutrient. A secah set of
regression analyses were conducted in order to determine the relationships between
nutrients using the combined data sources. All regression analyses were realized within

Statview statistical software (v5.0; 1998).

RESULTS

Box plotsby Data Soure

Figures 5.1- 5.4 illustrate box plots of N, K, Ca and Mg concentrations,
respectively, for each species, by data source, separated by bark, branshoateand

foliage compartments. Results from the figures are as follows:
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. Nutrient concentrationgend to follow a foliage > barkk br anc hwood st em

sequence, with the exception of calcium, which generally follows that bark > foliage >

branch > sterwood.

. Nutrient concentrations tend to follow the tolerant hardwoods > intolerant hardwoods

> conifers sequence.

. For N, the NSFBNP values are generally elevated above tHe pSicentile of the
TCD, with the exception of foliage. Conversely, the ARNEWS values tend to fall
below the 28 percentile of the TCD dataset, with the exception of foliagéiage N

concentrations are generally in good agreement across all species and data sources.

. For K, the ARNEWS and N&EBNP generally agree with the TCD for all biomass
compartments, with the exception of the ARNEWS bark values, which are consistently

below the 28 percentile of the TCD dataset.

. For Mg, the ARNEWS values are in good agreement with the TCD, whereas the NS
FBNP bark, branch and stempod values are consistently elevated above tie 75

percentile of the TCD dataset.

. For Ca, bothite ARNEWS and N&BNP are generally in agreement with the TCD,
with the exception of the elevated ARNEWS tolerant hardwood bark and branch

concentrations, and the NFBNP sterwood concentrations.
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Relationships between Data Sources, by Biomass Compartment arehNutri
concentrations

Regression equations for each nutrient element between the ARNEWS, TCD and
NS-FBNP datasets, by tree biomass compartiraet shown in Tables 5-15.3. These

tables show that:

1. the ARNEWS dataset are generally better correlatedth&TCD than the N&EBNP

dataset, with the exception of branch N, K and Mg;

2. the general conformance between the ARNEWS;ABSIP and the TCD datasets

improves being best fofoliage, and least for branches;

3. theconformancédetween the TCD and NEBNP nutrient concentrations best for N

and leastforMgs uch t hat N > K > Ca O Mg across

4. the conformance between tAi€€D and ARNEWS by nutrient,does not appear to

follow any sequencge

5. the conformance between tA&RNEWS and NSFBNP is generally best for foliage

concentrations
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Table 5.1.Summary of the ARNEWS regression equations y = a + bx, for each biomass compartment
nutrient concentration (%) as they relate to the corresponding TCD valuesy? is the adjusted
indication of fit between variables;n is the sample number fitting (allP < 0.001).

Tissue  Nutrient a b r2 n
Bark N 0.067 0.64 0.698 13
K 0.052 0.38 0.489 13
Ca 0.227 0.76 0.614 13
Mg 0.029 0.37 0.196 13
Branch N 0.138 0.38 0.009 13
K 0.103 0.30 0.094 13
Ca 0.171 0.96 0.167 13
Mg 0.034 0.18 0.007 13
StemwoodN -0.018 0.91 0.574 13
K 0.005 0.50 0.577 13
Ca 0.051 0.39 0.178 13
Mg 0.006 0.48 0.566 13
Foliage N 0.170 0.95 0.871 13
K 0.208 0.73 0.856 13
Ca -0.040 0.90 0.566 13
Mg 0.042 0.69 0.819 13
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Table 5.2.Summary of the NSFBNP regression equations y = a + bx, for each biomass compartment
nutrient concentration (%) as they relate to the corresponding TCD values;r? is the adjusted
indication of fit between variables;n is the sample number fitting (allP < 0.001).

Tissue Nutrient a b r? n
Bark N 0.037 1.63 0.716 10
K 0.049 0.71 0.442 10
Ca 0.499 0.12 0.002 10
Mg 0.064 0.39 0.059 10
Branch N 0.137 1.71 0.284 10
K 0.012 1.12 0.248 10
Ca 0.329 0.24 0.030 10
Mg 0.078 0.16 0.023 10
Stemwood N -0.287 6.15 0.514 10
K 0.040 0.98 0.234 10
Ca 0.104 0.70 0.061 10
Mg 0.028 0.58 0.060 10
Foliage N -0.116 1.27 0.800 10
K 0.017 0.77 0.455 10
Ca 0.286 0.33 0.231 10
Mg 0.032 0.81 0.537 10
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Table 53. Summary of the NSFBNP regression equations y = a + bXpr each biomass compartment
nutrient concentration (%) as they relate tothe corresponding ARNEWS valuesr? is the adjusted
indication of fit between variables;n is the sample number fitting (allP < 0.001).

Tissue Nutrient a b r2 n
Bark N 0.040 0.43 0.581 10
K 0.103 0.14 0.080 10
Ca 0.016 1.76 0.194 10
Mg 0.028 0.27 0.023 10
Branch N 0.069 0.27 0.377 10
K 0.131 0.15 0.062 10
Ca -0.375 2.29 0.628 10
Mg 0.023 0.24 0.090 10
Stemwood N 0.046 0.06 0.078 10
K 0.018 0.16 0.106 10
Ca 0.044 0.27 0.355 10
Mg 0.009 0.13 0.140 10
Foliage N 0.514 0.61 0.667 10
K 0.369 0.64 0.766 10
Ca 0.126 0.94 0.158 10
Mg 0.061 0.54 0.564 10
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The conformance Iheenthe nutrient concentrations across the four biomass
compartmats is further illustrated in Figures 5.5 and 5.6 for the three datasets, and the
corresponding leastquares fitted regression results are listed in Ta#lelbefollowing

can be observed:

1. the ARNEWS data are highly correlated with the TCD acrosfotirecompartments

(r* > 0.916). Among the four nutrients, Ca has the least-ctatsscorrelations;

2. the NSFBNP data also correlate best with the T@® compared to the ARNEWS

dataset

3. the ARNEWS versus TCD correlations are best for N and lea€&fosuch that N > K

> Mg > Ca;

4. the NSFBNP versus TCD correlations are also best for N and least for Ca, the

goodnessf-fit decreases as follows: N > Mg > K > Ca;

5. the correlations generally follow linear 1:1 trends; the strongest deviatiorttiei 1l

trend occurred for the NEBNP-Ca versus TCBCa comparison.
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Figure 5.5.Comparing the nitrogen and calcium concentrations (%) for the NSS-BNP and ARNEWS
datasets. The dashed lines represent a 1:1 ratit’ is the adjusted indication of fit between variables.
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Figure 5.6. Comparing the potassium and magnesium concentrations (%) for the NBBNP and

ARNEWS datasets. The dashed lines represent a 1:1 ratit is the adjusied indication of fit between
variables.
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Table 54. Comparing the NSFBNP and ARNEWS datsets with the TCD dataset by nutrient (N, K,
Ca, Mg) by way of simple linear or power regression equations (superscripts 1 and 2, respectively);
is the adjustedindication of fit between variables;n is the sample number fitting (allP < 0.001).

a b r2 n
N ARNEWS  -0.069  1.07 0.968 52
NS-FBNP 1411 076  0.910 40
Ca ARNEWS  0.086 085  0.729 52
NS-FBNP® 0.612 052  0.687 40
K ARNEWS  -0.024 1.02  0.935 52
NS-FBNP  0.062 072  0.781 40
Mg ARNEWS  0.002 0091 0.916 52

NS-FBNP  0.479 0.60 0.782 40

lRegression equation folloveslinear function: (y = ax + b)
2Regression equation follovespower function: (y = a%

NS-FBNP Validation

In order to identify if the elevated concentrations within the MBBIP dataset
were attributed to localized phenomenon within Nova Scotial @2, ARNEWS and
NS-FBNP datasets were comparedateee biomass compartment macronutrient study
by Freedmaret al., (1982). The Freedman study was conducted within central Nova
Scotia, for 10 commercial tree species (Balsam Fir, White Spruce, BlackeSRed
Spruce, Red Maple, Sugar Maple, Yellow Birch, White Birch, Ldogg¢h Aspen,
Trembling Aspen). Using a series of simple linear regression analyses, each of the
original three data sources were related to the Freedman dataset for: (i) the combined
compartment and nutrient concentrations; (ii) the combined compartments, by nutrient.
Scatterplots illustrating the regression analyses relating th&BW?, ARNEWS and

Freedman datasets to the TCD for the combined bioncasspartmentnutrient
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concentratios are illustrated in Figure 5.7, and the corresponding regression equations
are shown in Table 5. The results of the regression analyses using the indication of fit
for the three data sources as they relate to the TCD follow that Freedman > ARNEWS >
NS-FBNP. Further investigation comparing the Freedman study to the three original
datasources, by nutrient, are shown in Tabe the results of which illustrate the same
sequence for each nutrient. It is therefore assumed that the elevate@N¥Snutrient
concentrations are not attributed to localized phenomenon, as would be reflected by

similar findings within the Freedman study.

4+ ca@) V Mg(®) /A N@®) O K(%)

3
c
b4
m i 52
L = 8
%) o T
b4 < 1

TCD

Figure 5.7.Comparing total nutrient concentrations (N, K, Mg, Ca) for the NSFBNP, ARNEWS and
Freedman datasets irrelation to the TCD dataset (see Table 5.4)7 is the adjusted indication of fit
between variables.

Table 55. Relating the total nutrients (%) of NSFBNP, ARNEWS and Freedman datasets to the
TCD dataset through simple linear regression (y = a + b x)? is the adjusted indication of fit between
variables; n is the sample number fitting (allP < 0.001).

Data b 2 N
Source
NS-FBNP 0.077 0.887 0.711 144
ARNEWS -0.015 1.023 0.906 144
Freedman 0.014 0.886 0.920 144
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Table 56. Relating NSFBNP, ARNEWS and TCD datsets by nutrient (N, K, Ca, Mg) as they relate
to the Freedman dataset through simple linear regressio(y = a + bx); r* is the adjusted indication of
fit between variables;n is the sample number fitting (allP < 0.001).

Tissue  Nutrient a b r? n
NS-FBNP N 0.258 1.13 0.865 36
K 0.089 0.65 0.796 36

Ca 0.218 0.44 0.607 36

Mg 0.040 0.71 0.599 36

ARNEWS N -0.068 1.13 0.952 36
K 0.030 0.86 0.814 36

Ca 0.066 1.09 0.693 36

Mg 0004 084 0817 36

TCD N 0.018 0.93 0.969 36
K -0.023 1.04 0.849 36

Ca 0.067 0.75 0.812 36

Mg 0.005 0.95 0.925 36

Relationships between Nutrients

The N, K, Mg concentrations were strongly correlated with one another across the
four nutrient comprtments and across the three datasets as shown by the nutrient to
nutrient regression results in Tabl&€,5and by the corresponding scatterplotsigures
5.8 and 5.9. In contrast, Ca was generally poorly correlated to N, K, and Mg. Further

investigatias revealed that:

1. stemwood Ca concentrations were generally well correlated to thewstad N, K,

andMg(?O 0.613; Fig8yre 5.9; Table 5.

2. foliar Ca concentrations were strongly correlated with the foliar N, K, and Mg

concentrationsrfO 0 .;7 4 8)

84



3. the bark and branch Ca concentrations were poorly correlated with the N, K, and Mg
concentrations, with highestalues reflective of the foliar Ca concentrations, and
lowest values reflective of treemwood Ca concentrations. Altogether, the foliar and
stemwood Ca concentrations therefore serve as upper and lower limits of the Ca

concentrations in branch and béidsues, as shown imable5.9.

Table 57. Relating the paired nutrient ratios among N, K, Ca, Mg, as they relate to one another for
the combined TCD, ARNEWS, NSFBNP datasources through simple linear regression (y = a + bx);
r’is the adjusted indicaton of fit between variables;n is the sample number fitting @ < 0.001 unless
assigned *, which indicated® = 0.003).

a b r? n
N/ Mg -0.169 11.93 0.885 155
K/ Mg -0.043 4.32 0.841 155
N/K 0.016 2.51 0.866 155
Ca/N 0.456 0.17 0.057 155*
Ca/K 0.045 0.45 0.058 155*
Ca/ Mg 0.375 2.75 0.095 155
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® park V¥ Branch O Foliage /\ Stem-wood

N (%)

Figure 5.8. Comparing how N, K, Mg and Ca relate to one another across all three dasats, by tree

compartment, through simple linear regression analysis (y = a + bx)?is the adjusted indication of
fit between variables.
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Figure 5.9. Relating N, K, and Mg concentrations to the Ca concentrations (%))y tree conpartment
for the combined datasets, using simple linear regression equations (y = a + bx) for stamod and
foliage, and capturing 85% for the Ca data within the bark and branches using linear envelopes.

87



Table 58. Relating the Ca concentrations to the N, K and Mg corentrations in foliage and stem
wood for the combined datasources (TCD, ARNEWS, N&EBNP), by simple linear regression (y = a +
bx); r?is the adjusted indication of fit between variablesn is the sample number fitting @ < 0.001).

Tissue a b r2 n
Stem-wood N 0.064 0.367 0.730 33
K 0.053 0.939 0.613 33
Mg 0.036 3.413 0.799 33
Foliage + Stem-woodN 0.082 0.320 0.748 68
K 0.031 0.349 0.887 67
Mg 0.040 3.881 0.791 64

Table 59. Determing the 85% upper and lower envelope limits of the Ca concentrations to the N, K
and Mg concentrations in bark and branches for the combined datasources (TCD, ARNEWS, NS
FBNP) by simple linear regression (y = a + bx)n is the sample number, and% Cap details the
percentage of data points captured within the envelope.

. . Envelope

Nutrient Tissue(s) Limits a b n % Cap

N Bark + Upper 0.03 4.30 67 97
Stem-wood  Lower 0.03 0.35
Branch + Upper 0.04 1.85 68 91
Stem-wood  Lower 0.04 0.28

K Bark + Upper 0.05 8.00 67 87
Stem-wood  Lower 0.05 0.50
Branch + Upper 0.02 3.80 66 86
Stem-wood  Lower 0.02 0.90

Mg Bark + Upper 0.01 22.00 67 9
Stem-wood  Lower 0.01 2.50
Branch + Upper 0.01 12.50 66 91
Stem-wood  Lower 0.01 3.20
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Nutrient Concentratiohookup-Tables

Based on the results of the various regression analyses conducted within this
chapter, the TCD dataset was chosen as the source of biomass compartmamtt nut
concentrations for the Nova Scotia Biomass Decision Support Tool (Tabes%13),

for the following reasons:

1. TCD represents a wide range of species, and is based on a largpeges sample

size than what is the case for the ARNEWS orFBBIP datasets;

2. There is greater consistency within the TCD with regard to the four tree biomass

compartments than the ARNEWS or {RBNP datasets;

3. TCD allows for regional searching.

Table 5.10. TCD bark nutrient concentrations (%) for the 16 tree speciesof this study.

Bark Concentrations (%)
Species N K Ca Mg
BE 0.750 0.220 2.808  0.050
BF 0.462 0.257 0739  0.064
BS 0.240  0.154 0.997  0.056
EC 0.280 0.080 2450  0.070
EH 0.267 0152 0737  0.030
JP 0.245 0128 0440 0.041
PO 0.450 0.263 1.204 0.105
RM 0.433 0198 1.302  0.047
RP 0.310 0.08 0775  0.046
RS 0.277 0164 0.669  0.045
SM 0511 0312 2228 0.060
TL 0.318 0.269 0798  0.052
WB  0.364 0120 0.685 0.041
WP  0.354 0147 0422 0.061
WS 0356 0242 1295 0.067
YB 0.567 0.124  1.028  0.042
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Table 5.11.TCD stem-wood nutrient concentrations (%) for the 16 tree speciesf this study.

Stem-wood Concentrations (%
Species N K Ca Mg
BE 0.110 0.070 0.072  0.020
BF 0.092 0.092 0.082 0.020
BS 0.063 0.034 0.087 0.014
EC 0078 0032 0052 0.010
EH 0.077 0.087 0.070 0.011
JP 0.068 0.044 0.068 0.014
PO 0130 1119 0224 0.034
RM 0.089 0.08 0112 0.020
RP 0.082 0.024 0109  0.019
RS 0064 0.022 0069 0.010
SM 0.098 0.069 0130 0.020
TL 0.059 0.062 0.070 0.018
WB  0.092 0514 0.078 0.019
WP 0078 0032 0.052 0.010
WS  0.065 0034 0.094 0010
YB 0.103 0.043 0.070 0.016

Table 5.12.TCD branch nutrient concentrations (%) for the 16 tree speciesf this study.

Branch Concentrations (%)
Species N K Ca Mg
BE 0.300 0.120 0.470  0.030
BF 0.392 0257 0381 0.050
BS 0259 0135 0.400 0.043
EC 0.240 0.047 1140 0.045
EH 0.285 0.100 0.441  0.044
JP 0295 0.156 0217  0.040
PO 0.505 0.273 0974 0.116
RM 0.309 0170 0.466  0.042
RP 0.320 0.096 0.549  0.049
RS 0.274 0183 0338 0.044
SM 0.337 0210 0631 0.039
TL 0272 0201 0.325 0.038
wB 0391 0159 0.441  0.053
WP 0.409 0195 0.303 0.057
WA 0375 0250 0.585 0.051
YB 0.460 0113 0.413  0.036




Table 5.13.TCD foliage nutrient concentrations (%) for the 16 tree speciesf this study.

Foliage Concentrations (%)
Species N K Ca Mg
BE 2.164 0.890 0.666  0.156
BF 1.275 0422 0750 0.081
BS 0.837 0.424 0705 0.089
EC 0830 0210 1470 0.107
EH 1157 0.657 0.642  0.125
JP 1112 0386 0.376  0.089
PO 2114 0781 1.060 0.208
RM 1.696 0.683 0.764  0.204
RP 1150 0364 0.420  0.088
RS 1.019 0545 0.408  0.097
SM 1.949 0755 0934 0.154
TL 1.834 0778 0.429 0.116
WB 1917 0865 0.722 0.225
WP 1278 0447 0.283 0.115
WS  1.053 0525 1.053  0.092
YB 2349 1024 0962 0.256

DiscussioN

Sampling

The comparatively high nutrient concentrations associated with tHeBW® for
bark, branch and stemood compartments are in part related to differences in sampling
procedure. Both the RNEWS and TCD bark and wood samples were taken from tree
boles whereashe NSFBNP bark and wood samplere taken from twigs (to represent
smallsized branchesgnd medium sized branches (diamet&cm or slightly larger, to
represent live stem woaqdyespectively Typically, as shown, tree stump nutrient
concentrations are smaller than branch concentrations, branch concentrations are smaller
than twig concentrations, and twig concentrations are smaller than foliage concentrations

for all four nutriens. A similar trend was observed by Malionetaal.,(1990).
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Although the ARNEWS dataset was generally in agreement with the TCD, a
number of concentrations fell outside the TCD ranfas may be attributed to the
nationwide ARNEWS averages, which accodat a wide range of site characteristics
that would not be reflected within the TCD. Moayeri (2001) stated that noticeable
differences in tree species nutrient concentrations were observed between regions, which
supports the use of local tree chemistriada order to minimize the potential variability
attributed to site conditions (see Augustd al., 2008). Furthermore, the species
groupings by Moayeri (2001) may not necessarily reflect the variation of all the nutrient
concentrations across the speeighin the suggested groups. For example, Red Pine and
White Pine have similar N, K and Mg concentrations across all four tree compartments,
but differ with respect to their Ca concentratiofggQre 5.4. A study conducted by
Arthur et al. (1999) suggesd that both Sugar Maple and Beech contained higher
concentrations of Ca and Mg when compared to other northeastern deciduous tree
species.Hence, grouping trespecies is not advisabland speciespecific nutrient
concentrations per biomass compartmernprefereable, especially if this information is

available as summarized in Tables 5.48.13

Tree Nutrition

The strong and mostly linear relationships between the N, K and Mg
concentrations across the four tree compartments suggest that uptakeeohdtrients
occurs according to physiological determined uptake ratios. This similarity simplifies the
modeling of N, K, and Mg uptake in general terms: once the uptake or concentration of

one of these elements is determined, the other elements carirbatext using the
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appropriate nutrient ratios. This also applies to Ca, but only with respect to Ca in stem
wood and foliageBark and branciCa concentrations tend to be scattered between the
foliar and stemwood Ca Figure 5.9. In this regard, Bouchefl999) found that bark may

act as a nutrient reserve, particularly during leaf abscission and senescence. Additionally,
Whittaker and Woodwell (1968) found that Ca concentrations exceeded other nutrients
within forest plots sampled on calcareous parent matsuggesting that site and related
variations in Ca availability influence the degree to which Ca is taken up by vegetation.
This may in part explain the high Ca values for species such as Eastern White Cedar,
which inhabit calcareous sites, or occarsites that receive @&h groundwater seepage
(Johnston, 1990). In general, increased uptake of Ca with increasing Ca availability
within the soil i's common, and (Clapnsan,i s
1967) Luxury consumption occurs whetants assimilate nutrient above their optimally

and essentially ratiixed rangeswhich canlead to toxic responsggigure 5.10) In
contrast, nutrient deficiencies occur when one or more of the required nutrients are not
optimally available for uptak which may lead to visual or nesual plant symptoms

such as leaf discoloration and reduced growth. Based on the diagramsres Bi§ and

5.9, it would appear that the averagekNand Mg concentrations are essentially ratio
fixed, andtherefore rdect optimal nutrient uptake, witbark and branch Csomewhat
exceptional. For modelling purpasét is also of interest to note that all the specteslt

to follow the same trendsss the four compartments.
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Figure 5.10. The hypothetical relatimhsip between biomass compartment nutrient concentrations
and tree growth, adapted from Chapman, 1967.

CONCLUSION

Examination of three datasets (TCD, ARNEWS,-RENP) led to the adoption
of the TCD lookup tables for N, K, Mg and Ca concentratidnystree compartment
(foliage, branch, bark and stemood), for dominanttree species (n = 17; Tables 5.10
5.13) andsecondary trespecies (n = 23; AppendiXIl) within the Nova Scotia forest
inventory. In general there was good correspondbateeertree nutient concentrations
across species and biomass compartments, by datasettions in sampling procedures
and locality however,likely contribute to some of the variatidretween the nutrient
correlations betweedatasets. Th&l, K, Mg and Caconcentrabns were remarkably
consistent across the four biomass compartments, with the exception of Ca in bark and
brancheswhere the Ca concentrations could either be as high as foliar &low as

stemwood Ca.
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CHAPTERG

SPATIAL AND ASPATIAL REVIEW OFNOVA SCOTIA PHYSICAL & CHEMICAL
SOIL PROPERTIES

INTRODUCTION

In 1934, the Nova Scotia Department of Agriculture #me Canada Department
of Agriculture initiated a series of counlby-county soil surveys across Nova Scotia, to
increase the capacity for agricultural planning (see Stobbe & McKeague, 1978). Surveys
consisted of chemical and physical soil propertiegadlto crop management, as well as
detailed mapping of uniform soil series. At the provincial scale, various inconsistencies
between sampling and mapping procedures between counties have resulted in
misalignment of soil mapping units, and missing propeffiie a number of soil series. In
order to relate the accumulation, retention and cycling of nutrients between trees and soils
within the Biomass Decision Support Tool, a complete listing of soil physical and
chemical properties was established, as wefprasincewide geospatial representation
of each soil property. The following chapter describes the methods used to develop a
complete database and spatial coverage of Nova Scotia soil sgrieeans of: (i)
development of a soil inference system usirsgiaesof pedotransfer functions to predict
missing soil properties from available data; (ii) alignment of geospatial county soil layers
with the provincial boundary, as well as mapped wetland and water features; (iii) spatial
assignment of soil series shkifiers for complete series coverage; (iv) prediction of
uplandlowland soil boundariebased on cartographic degtihwater mapping with 10Mm

resolution, validated using digital elevation models and aerial photography.
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ASPATIAL METHODS

A database of pJsical and chemical soil properties (Table 6.1) was compiled
from the 15 Nova Scotia county soil survey reports (Appendlx Within a Microsoft
Excel (2007) spreadsheet, soil properties were recorded for each soil seri#82), by
horizon. The finkdatabase contained over 1350 soil horizons, although initial review
indicated a large amount of missing attribut&ssoil inference systerwas developed
using the methods described by McBrate¢l., (2002) to obtain a complete database
of soil charateristics Within the inference system, a series of pedotransfer functions
were developed using various regression analyses and descriptive statistics. All

pedotransfer functions were realized within the Statview statistical package (v.5.0; 1998).

Table 6.1 Physical and chemical soil properties tallied within the Nova Scotia soil database.

Soil Property Unit
Horizon description N/A
Horizon Depth cm
Coarse Fragment content %
= Rooting Depth cm
§ Loss-on-Ignition %
& Organic Matter content %
Sand content %
Silt content %
Clay content %
Bulk Density gcm’
Organic Carbon content %
K* concentration me 100¢
8 ca* concentration me 100¢
§ Mg?* concentration me 100¢
O Total Nitrogen content %

Cation Exchange Capacity me 100g

Base Saturation %
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Mineral Soil Texture

Although mineral soil texture descriptions were generally complete within the
database, not all soil series records contained quantitative gextlues. Missing
fractions of sand, silt and clay were determined using the horizon descriptions in
conjunction with the average sand, silt and clay contents for each texture class as

described within the soil texture triangle (Agriculture Canada, 1954leT6.2).

Table 6.2. Average sand, silt and clay content for the missing soil texture classes within the Nova
Scotia Soil Inference System, 20009.

Average Content (%)

Soil texture Sand Silt Clay
Clay Loam 325 335 34.0
Loam 37.5 45.0 17.5
Loamy Sand 77.5 15.0 7.5
Organic Matter 0.0 0.0 0.0
Sand 92.5 25 5.0
Sandy Clay Loam 62.5 10.0 27.5
Sandy Loam 65.0 25.0 10.0
Silty Clay Loam 10.0 56.0 34.0
Silty Loam 25.0 61.0 14.0

A number of records within the database contained sand, silt and clay fractions that, in
combination, elier exceeded or fell below 100%. Each record was prorated in order that
the combined sand, silt and clay contents equalled 100%, such that:

Xa - Xf
" (sand + silf +Clay)

100 (6.1)

where X; represents the fractions &and Silt or Clay within the mineral sil, and

superscripa denotes the amended fractionof
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Coarse Fragment Content

Missing coarse fragment contents were established using the following methods,

ranked by priority:

1. Soil horizon coarse fragment descriptions were referenced to nunvatlicas within

the Soil Sampling Field Manual (Day, 1988+ 62).

2. Soil horizons that included gravel (%) within the texture assignments were assumed to

have a coarse fragment content equal to that of graveRy).

3. The few remaining missing vas were amended using average coarse fragment

contents of the same soil series, by horizon 9).

Losson-Ignition, Organic Matter and Organic Carbon Contents

The majority of soil horizons contained a combination of organic carbon
(Carbon), losson-ignition (LOI), or soil organic matterQM) contents, but rarely all
three. In order to develop a complete listing of these attributes, pedotransfer functions
were established using a series of regression analyses to relate each of these
characteristics tore another. Missing values faOl were first estimated using carbon
as the predictive variable (Eq. 6/2;= 0.987;n = 821;P < 0.001). Conversely, carbon
was estimated using the publishe@! values as the predictive variable (Eq. &3z
0.982;n=592;P < 0.001). The complete listing of organic carbon values were then used
to predict organic matter contents for both mineral 9diN; Eq. 6.4;r> = 0.990;n =

169;P < 0.001) and organic layersRH; Eq. 6.5;r>= 0.990;:n = 21;P < 0.001).

LOI =2.467 +1.68%arbor (6.2)
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Carbon= 90.511 ©.626LOI 1.917 IdgLOl) (6.3)
OoM,,, =1.837Carbon,, (6.4)

OM,, =1.841Carbon, (6.5)

A number of soil horizons within the database contained no organic carboimMoss
ignition, or organic maér contentsr(= 275). In order to populate these fields, each soil
horizon was divided into 1 of 14 categories based on horizon descriptions (Day, 1983).
Box plots were established for each horizon category, illustrating the range of organic
carbon contets (Figure 6.1; Table 6.3). Mean contents were used to populate the missing
carbon values, resulting in a complete listing of organic carbon for each soil horizon.
Missing organic matter and LOI contents were then populated following equations 6.4

6.5, and 6.2, respectively.
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Figure 6.1. Box plots illustrating the range of organic carbon contents (%) for each of the 13 mineral
soil horizons within the Nova Scotia Soil Inference System. Box plots show the™1®d", and 9¢"
percentiles, and outliers below the 10 and above the 98 percentiles.

Table 6.3. Descriptive statistics of organic carbon contents (%) in each of the soil horizon categories,
including the LFH layer, within the Nova Scotia Soil Inference System.

Organic Carbon Content (%)

Soil
Horizon Mean Std. Error Minimum Maximum Count # Missing

Ae 1.089 0.052 0.08 2.50 180 39
Aeg 1.173 0.128 0.10 2.48 34 8
Ah 6.389 0.278 5.00 11.28 32 7
Ahe 3.546 0.096 2.52 4.90 57 0
BC 0.298 0.038 0.00 0.80 35 7
BCg 0.377 0.113 0.10 1.31 12 1
Bf 1.982 0.083 0.09 4.96 214 25
Bfg 1.361 0.133 0.50 3.80 34 49
Bg 0.499 0.092 0.00 4.90 58 8
Bhf 8.201 0.540 5.16 11.81 16 19
Bm 0.411 0.052 0.07 3.90 110 4
C 0.363 0.032 0.00 3.40 196 34
Cg 0.553 0.048 0.00 2.40 96 27
LFH 36.478 0.889 18.26 55.51 108 47
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Total Nitrogen

Missing soil nitrogenl; n = 921) was determined for each mineral soil layer (
B, andC) using both simple and multiple regression analyses. The highest correlation
was found to be with organic carbon contents for bottAtteyer (Eq. 6.67%= 0.835:n
= 261;P < 0.001) and B layer (Eq. 6.7°= 0.848;n = 381;P < 0.001), whereas the C
layer was found to correlate best with both organic carbon and silt con&bTs Eq.
6.8;r?= 0.806;n = 230;P < 0.001). Scatteplots illustrating the regression analyses for
each mineral soil layer are shown in Figure 6.2. Total nitrogen contents within the LFH
layer were found to correlate poorly to all other compiled soil propertfe®( 0. 30) .
order to populate missing LFH values, each soil series was categorized by landform, and
box plots were established to illustrate the range of total nitrogen content (%), by
landform (Figure 6.3; Table 6.4). Mean contents were used to poplateissing LFH

nitrogen fields 1§ = 49).

N, =0.025 +0.0%Carbon (6.6)
N; =0.025 +0.04arbon (6.7)
N, =0.001SILT +0.055Carbon (6.8)
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Figure 6.2. Reported nitrogen contents (%) for the A, B and C horizons versus befitted values (Eq.
6.6 - 6.8) within the Nova Scotia Soil Inference System? is the adjusted indication of fit between
variables.
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Figure 6.3. Box plots illustrating the range of LFH nitrogen contents (%) by landform within the
Nova Scotia Soil Inference System. Boxlgs show the 18, 50", and 90" percentiles, and outliers
below the 10" and above the 98 percentiles.

Table 6.4. Descriptive statistics of total LFH nitrogen contents (%), by landform within the Nova
Scotia Soil Inference System.

Total LFH Nitrogen (%)

Landform Mean Std. Error Minimum Maximum  Count  # Missing
Ablation Till 1.180 0.034 0.36 2.01 90 43
Alluvial 1.390 0.090 1.30 1.48 2 0
Basal Till 0.916 0.073 0.80 1.20 5
Glaciofluvial 0.937 0.100 0.47 1.24 9 2

Cation Exchang€apacity

The cation exchange capacit¢HC) refers to the sum of exchangeable acid
cations H*, AI**) andbase cation§Ca’*, Mg®*, K*, Na*). Exchangeable Nahowever,

was almost entirely absent from the soil surveys, as it is not a glowtimg nutrient.
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Additionally, Na" tends to be highly mobile, very soluble, and readily leached from soils
(Hendersonet al., 1977; Jordaret al., 1986). Hence, any potential contributions of
exchangeable Nao the CEC were assumed to be negligible. Missing CEC figlds

922) were determined using the following methods, ranked by priority:

1. Where possible, CEC was calculated by summing the available base and acid cation

concentrations (me 100gn = 75), such that:
CEC=C& +Md*™ K* Al * H- (6.9)

2. Soil hotizons that did not have exchangeable acid cation concentratien37@d) were
calculated using the sum of the exchangeddalsecation concentrations RC;, me

100g") and base saturatioB§ %), such that:

B
CEC:(BS—;O) (6.10)
3. All remaining CEC values that could not be directly calculated using equations 6.9 and

6.10 were determined through a series of regression analyses for each soi layer.

layers were found to correlate best with organic ma@af)(and clay CLAY) contents

(Eq. 6.11;r=0.881;n = 81;P < 0.001),B layers correlated best with the combination

of lossorrignition, silt, exchangeable M§(Mg) and nitrogen contents (Eq. 6.12=

0.802;n = 207;P < 0.001),C layers correlated best using lemsignition, silt and

exchangeable G&(Ca; Eq. 6.13r%= 0.881:n = 119;P < 0.001), and LFH was found

to correlate best using only organic matter contents (Eq. 6.£40.819;n = 66; P <

0.001). Scatteplots illustrating the regression analyses for each mineralagei are

shown in Figure 6.4.
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Initial review of the exchangeableasecation concentrations were found to

order

the missingbasecation fields, box plots were established using the soil horizon

categories described previously, illustrating the range of exchangéabkkration

concentrationdor C&* (Figure 65; Table 6.5), M§" (Figure 66; Table 6.6), and K

(Figure 67; Table 6.7). Mean contents were used to populate missing exchangasdle

cationconcentrations, resulting in a complete listingpagecationcontents for each soil

seres
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Figure 6.5. Box plots illustrating the range of exchangeable G4 (me 100g'), by soil horizon within
the Nova Scotia Soil Inference System. Box plots show the™&d", and 90" percentiles, and outliers
below the 10" and above the 98 percentiles.

Table 6.5. Descriptive statistics for exchangeable &a(me 100g"), by soil horizon, within the Nova
Scotia Soil Inference System.

Exchangeable C&me 1004

Soil
Horizon Mean Std. Dev. Std. Error Count Minimum Maximum # Missing
Ae 1.278 1.508 0.111 184 0.020 7.200 35

Aeg 2224 1.822 0.313 34 0.000 5.940 8
Ah 4282 3.265 0.544 36 0.200 14.360 3
Ahe 2542 2.385 0.316 57 0.120 8.720 0
BC 0.895 1.388 0.214 42 0.000 6.200 0
BCg 0.870 1.041 0.289 13 0.080 3.010 0
Bf 0.654 1.298 0.086 227 0.000 12.400 12

Bfg 1254 2324 0.399 34 0.030 9.000 49
Bg 2626 3471 0.452 59 0.030 14.360 7
Bhf 0.749 1.090 0.232 22 0.000 4.970 13

Bm 135 1.989 0.190 110 0.000 10.900 4
C 1772  2.942 0.202 212 0.000 13.800 18
Cg 2700 2528 0.254 99 0.080 16.000 24

LFH 6.807 4.007 0.374 115 0.110 16.950 40
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Figure 6.6. Box plots illustrating the range of exchangeable Mg (me 100¢"), by soil horizon within
the Nova Sctia Soil Inference System. Box plots show the 050", and 90" percentiles, and outliers
below the 10" and above the 9% percentiles.

Table 6.6. Descriptive statistics of exchangeable Mg(me 100g"), by soil horizon within the Nova
Scotia Soil Inference System.

Exchangeable Mg(me 100g")

Soil
Horizon Mean Std. Dev. Std. Error Count Minimum Maximum # Missing
Ae 0.397 0.428 0.032 184 0.000 2.500 35

Aeg 1310 1.640 0.285 33 0.040 5.300 9
Ah 1.208 1.330 0.219 37 0.090 6.400 2
Ahe 0.812 0.856 0.113 57 0.000 3.750 0
BC 0296 0.436 0.067 42 0.000 2.000 0
BCg 0.252 0.326 0.090 13 0.000 0.920 0

Bf 0.232 0.318 0.021 224 0.000 2.300 15
Bfg 0411 0.715 0.123 34 0.000 0.271 49
Bg 0886 1.026 0.134 59 0.000 5.380 7
Bhf  0.348 0.405 0.086 22 0.000 1.670 13
Bm 0.651 0.989 0.094 110 0.000 4.300 4

C 0.745 1.364 0.094 211 0.000 7.600 19
Cg 1932 2143 0.216 98 0.010 7.970 25
LFH 2.855 1.984 0.182 119 0.010 9.280 36
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Figure 6.7. Box plots illustrating the range of exchangeable K(me 100g"), by soil horizon within the
Nova Scotia Soil Inference System. Box plots show the™,060", and 90" percentiles, and outliers
below the 10" and above the 98 percentiles.

Table 6.7. Descriptive statistics of exchangeable 'Kme 100g"), by soil horizon within the Nova
Scotia Soil Inference System.

Exchangeable {me 1004

Soil
Horizon Mean Std. Dev. Std. Error Count Minimum Maximum # Missing
Ae 0.162 0.165 0.012 179 0.010 0.920 40

Aeg 0.220 0.218 0.037 34 0.040 0.880 8
Ah 0.546 0.424 0.073 34 0.080 1.500 5
Ahe 0.306 0.232 0.031 56 0.010 1.060 1
BC 0.100 0.070 0.011 42 0.000 0.300 0
BCg 0.165 0.185 0.051 13 0.030 0.650 0

Bf 0.152 0.178 0.012 227 0.000 1.330 12
Bfg 0.223 0.344 0.059 34 0.000 1.460 49
Bg 0205 0.249 0.032 59 0.020 1.800 7
Bhf 0.210 0.274 0.058 22 0.030 1.200 13
Bm 0.188 0.225 0.022 109 0.010 1.770 5

C 0.180 0.206 0.014 208 0.000 1.200 22
Cg 0386 0.390 0.039 98 0.040 1.600 25
LFH 1.358 0.848 0.079 116 0.060 3.800 39
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Base Saturation

Using the complete listing of CEC values, missing base saturation (%) was
calculated using #tnamended CEC's and the sum of baise cation$BC; eq ha yr),

by setting:

BC
BS=——100
CEC (6.15)

Rooted Depth

In addition to the absolute soil depth (cm), soil horizons supporting vegetation
were recorded ei bber tasrefidesoroot iimMg wi
When this information was not directly available, rooting was determined using the
detailed soil horizon descriptions. Soil horizons classified as "firm" or "very firm" were
assumed to not support root growtvhereas horizons that were "slightly firm", "friable"
or "very friable" were assumed to support root growth, unless the horizon was below one

which did not support rooting. Additionally, all hardpan and gleyed soil horizons were

assumed to not suppodating unless specifically identified as doing so.

Bulk Density

An additional set of pedotransfer functions were included within the soil inference
system to determine soil bulk densi), which was not consistently recorded among
the soil surveys. Fctions were taken from the equations developed by Ba#arad.,
(2008), which were formulated specifically for New Brunswick and Nova Scotia soils.

Mineral soil bulk density@bmin) was calculated as:
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1.23+(Dp,,, -1.23 0.7%and)( 1 exp 0:0100ept))
Db, = 15 6.830M (6.16)
' f

where Depth refers to soil horizon midpoint depth in cn@ orizons without a lower
depth value had 20 cm added to the horizon surface v&aa§l and OM; refer to the
fraction of sand and organic matter, respectively, prorated from the total sand, silt, clay
and orgarg matter content, such that:

a Xf
" (sand + Silf +Clay -©M)

100 (6.17)

whereX refers to either sand or organic matter, subsémg@notes the fraction of, and
superscrip@a denotes the amended fraction>ofFinally, Dpsoi refers to the soil particle

dersity in g cn?®, calculated as:

Do = 1
pSO” éOMf +1_ OMf (6.18)
x
(o Dowm Duin

where Doy is the average organic matter density, set at 1.3g, @mnd Dyn is the
average density for most silicate and carbonate minerals, set as 2.85&iomiarly,

LFH bulk dersity wascalculated as:

5 _1.23+(Dp,,, -1.23( 1 -exp 0.010Bepth)
Ben = 1+ 6.830M,

(6.19)
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Final Soil Model Inputs

Using the various pedotransfer functions described above, a complete listing of
Nova Scotia soil properties was completed for each soil series, by horizon. A weighted
average was calculated for each soil variable, by soil layer, using the corresponding bulk

density and rooted soil depth, for each soil series, i.e.:

’

4

24 (X, Depth DY

®

D
N

X, =

(Depth Db (6.20)

where X refers to one of the 102 soil series’, subscyimtenotesthe soil physical or
chemical properties, the supersciigpecifies one of the 4 soil layeis, B, C andLFH),
Depthrefers to the rooted soil depth (cm) abhrefers to the soil bulk density (g &n
Additionally, the final CEC values were convertedotal cation exchange siteSES eq
ha'), and the exchangeabl@se cationsvere converted to fractions for use within the

Biomass Decision Support Tool, such that:

CES= CEC Db Depth0’ (6.21)
and
X
X, =3¢ (6.22)

respectively, wherX refers to one of thbasecationcontents (C%, Mg2+, K™), subscript

f denotes the fraction of, andBC is the sum of thbéase cations
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SPATIAL METHODS

Spatial Alignment

Nova Scotia geospatial soil data wastainedfrom The Naional Soil Database,
maintainedby the Canadian Soil Information Systems (CANSsis) branch of Agriculture
and Agrifood Canada (2002). The geospatial soil series were delineated from the hand
drawn maps of the original soil surveyors, resulting in relatilel spatial accuracfsee
Moore et al.,1993) In order to repair this, each county soil layer was aligned with the
georeferenced provincial boundary (NSDNR, 2006a), mapped water bodies (NSDNR,
2006b) and wetlands (NSDNR, 2000). All datasets were reaiiathin ArcMap 9.3.1
(ESRI, 2009), unless stated otherwise. The following describes the alignment steps taken

in the order of completion:

1. The 20 county soil layers were combined using the Merge tool.

2. Using the provincial boundary polygon layer, all salygons were deleted using the
Erase tool, resulting in a layer of sliver polygons outside the provincial boundary

(Figure 6.8a). All outside sliver polygons were deleted.

3. The county soil layer was used to erase (Erase tool) the provincial boundary laye
resulting in a series of isolated slivers inside the provincial boundary (Figulg.6.8
All inside slivers were incorporated into adjacent soil polygons using the Eliminate

tool (by longest shared boundary).

4. Overlap between soil polygons occurred feweral counties, which when merged
together created additional polygons (Figure 6.9). Overlapping polygons were

selected and intersected (Intersect tool) with a 10x10m polyline grid using the Create
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Fishnet tool. The resulting features were converteddivistual polygons using the
Multipart-To-Singlepart tool. The individual sliver polygons wehenincorporated

into adjacent soil polygons using the Eliminate tool (by longest shared boundary).
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Figure 6.8. Example illustration showing the two érms of disalignment within the soil county layers,
both as slivers "inside" the provincial boundary (a), and "outside" the provincial boundary (b).

5. The provincial water layer was overlaid on the provincial soil layer, showing a high
degree of geospatiaiscordance both in detail and extent with the soil layer water
features (Figure 6.10). The provincial water layer was used to erase (Erase tool) the
soil layer, and anyemainingwaterpolygons within the soil layewere converted to
individual polygonausing the MultiparTo-Singlepart tool. All water sliver polygons
were then incorporated into adjacent soil polygons using the Eliminate tool (by

length).
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Legend

- County Soil Layer 1
- County Soil Layer 2
- Overlapping Polygons

Figure 6.9. Example illustration showing the overlap of soil polygons between county sodyer
borders.

i

Legend

|:] County Soil Layer
- Soil Layer water bodies
- Mapped water bodies

D &
Pt

Figure 6.10. Example illustration showing the spatial inaccuracy of the county soil layers water
bodies, both in detail (such as islands and shorelines), as well as actual extent of the water bodies.
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6. The same procedures as desdtilie Step 5 were completed using the provincial
wetlands layer. All wetland sliver polygons with Castley, Rossignol, Dufferin or
Saltmarsh soil series classifiers were incorporated into adjacent polygons using the

Eliminate tool.

7. Steps 5 and 6 resulted imimerous island polygons, incorrectly classified as water or
wetlands. All island polygons were given a unique ID and assigned the soil attributes
from the nearest mainland soil polygon using the Nearest Feature Analysis Tool (Fox,

1998) in Arcview 3.3 (BRI, 2002).

Soil Attribute Amendments

Assigning the aspatiallglefined physical and chemical soil characteristics across
Nova Scotia required numerous methodse following section describes the steps taken

to allow for complete soil physical and chealicoverage across Nova Scotia.

1. All attribute fields within the geospatial soil layer were deleted with the exception of
MUGROUP (defining the county), MAPUNIT (defining the soil series) and

SOILTYPE (defining norsoil landforms).

2. A new field, SOILNAME, vwas created and assigned with soil series orswin
landform classifiers. Soil series summary codes from the MAPUNIT field were used
to fill in the soil series classifiers. These classifiers were validated with the hardcopy

survey maps, for each county.
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3. The nonsoil landform code descriptions within the SOILTYPE field were taken from
the "linkage.txt" files associated with each county geospatial layer. SOILNAME
attributes were appended as follows:

a. SOILTYPE ZRL = bedrock substrate, and were inputted asKRod" in the
SOILNAME attribute column.

b. SOILTYPE "ZCB" = tidal beaches, and were inputted as "Beach" in the
SOILNAME attribute column.

c. SOILTYPE "ZMT" = mine tailings, and were inputted as "Mine_Tail" in the
SOILNAME attribute column.

d. SOILTYPE "ZNS" =nonsurveyed areas, and were inputted as "NoSurvey" in the
SOILNAME attribute column.

e. SOILTYPE "ZER" = eroded areas, and were inputted as "Eroded" in the
SOILNAME attribute column.

4. A number of soil series represented within the CANSsis geospatial seil dy not
have corresponding physical or chemical characteristics associated with them within
the soil survey reports. Surrogate values were used by averaging characteristics from
similar or associated soil series, based on soil parent material, allich wiere

suggested by Kevin Key&RPF, P.Ag.Personal communicatio2011):

a) Arichat: Average of Thom and Mira characteristics.

b) Pitman: Average of Yarmouth, Deerfield, Mersey and Liverpool characteristics.
c) Comeau: Used Digby characteristics.

d) Meteghan: Usa Digby characteristic2ersonal communication

e) Seely: Average of Kentville and Annapolis characteristics.

f) LaHave: Used Medway characteristics.
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g) Bridgeville: Used Cumberland characteristics.
h) Cherryfield: Used Cumberland characteristics.

i) Mossman: Used Cumband characteristics.

. The Rough Mountain Land classifier (RML), represented a large portion of Cape

Breton that was never surveyed for physical or chemical characteristics. RML is

described as being similar overall to the Thom/Mira/Arichat series aseaosiat

depending on drainage conditions (Kevin Key®PF, P.Ag.; Personal

communication, 2011 Using the cartographic deptbrwater mapping toolTW;

Murphy et al.,2009, RML soils were assigned into 1 of 3 categories:

a) RML_1 = Well drained (>100cm DTW)Average of Thom and Gibraltar
characteristics.

b) RML_2 = Imperfectly drained (230 106cm DTW)- Mira characteristics.

c) RML_3 = Poorly drained (<25cm DTW)Arichat characteristics.

. The Rockland soil series, which are distributed throughout mainlava [$cotia,
were assigned physical and chemical characteristics depending on the underlying
bedrock substratd&rockland soil series were assigned to 1 of 3 categusieg the
bedrock geology classifiers from the Ecological Land Classification for NovBaSc
(NSDNR, 2005:
a) Rockland_1 = granitic and granodioritic substred@erage of Gibraltar,

Bayswater and Aspotogan characteristics.

b) Rockland _2 = quartzite, slate or greywacke substraterage of Halifax,
Danesville and Aspotogan charactedsti
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¢) Rockland _3 = mafic substrataverage of Rossway, Roxville and Tiddsville
characteristics.

Upland- Lowland Soil Delineation

Since the original soil surveys were not designed to provideregdlution soil
mapping units for stankkvel forest nanagement (see Petersemn al., 1991), he
previously delineated alluvial soil bordesgre found to notnatch those observdtbm
aerial photograph(see Longet al.,1991). In order tancrease the geospatial accuracy
betweeruplandlowland soil boundaes across the province terrain analysis procedure
was developed using the cartographic deptivater (DTW) mapping tool (Murphet
al., 2011). Terrain analysis has been used extensively to enhance existing choropleth
maps for finer resolution of soilbfmation processes and landform delineation across
landscaps (Moore et al., 1993) Usingdigital elevation models (DEM) in conjunction
with aerial photograph validation (Hengl & Rossiter, 20QB¥ relationships between
soils andthe surrounding environent can be inferrefor any point on the landscape

(Zhuet al.,2001).

Using a 100€ha flow accumulation, a DTW raster was created without the use of
mapped water features. The output grid was converted into a series of polygons and all
mapped water bodseconnected to the 108@ flow accumulation were selected and
exported as a new shapefile. The DTW was themumeusing the newly exported water
body layer. The resulting grid was classified tonIDTW and converted to a polygon
feature All exported wagr-body polygons that were nabnnected tahe DTW flow
channelsvere selected and removed, as it is assumed that they are outside of an alluvial

deposit. The resulting layer was given a 10m buffer to account for the DEM resolution
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(10m), and the originaWater body and wetland layers were then used to erase the

underlying DTW polygons.

A systematic crosgeferencing between the flow accumulation, current water
wetlandsand DTW (at 40and 106ha) revealed that >90% of meandering watercourses
were inclueéd within the predicted alluvial floodplains, excluding smaller watercourses
and wetlandsAdditionally, the extent of alluvial floodplains was validated using digital
elevation and aerial photographthe results of which suggest that the predicted
geospdal extent of alluvial floodplains is at least as accurateplastceinterpreted
delineations.Although many upland wetlands (i.e. bogs) were found to be associated
with alluvial deposits, as was evident from meander scars, $itesavere not included
in the final output. Although thesstesmay have been floodplains historically, they are
categorized as organic soils, aack assumed to no longer be associated with alluvial

depositgBrinson, 1993)
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CHAPTERY

MASSBALANCE: PRIMARY ELEMENT INPUT AND EXPORT METHODOLG5Y

INTRODUCTION

This chapter details how primary N, S, K, Ca and Mg inputs and exports are
guantified within the Nova Scotia Biomass Decision Support Tool. The primputs
refer to wet and dry atmospheric deposition and soil weathering, while the primary
outputs refer to harvest exports and soil leaching. Also quantified are: (i) the extent of
site-specific nutrient deficits, when primary harvest exports exceegrth@ary nutrient
inputs, and (ii) the rate of sigpecificbasecationdepletion, when harvest exports and
acidrain inducedbasecation leaching exceed primaryasecation inputs. The harvest
export formulation deals with estimating stdedel biomassompartment fractions and
nutrient concentrations within bark, branches, stemd and foliage, for four harvest
scenarios, (no harvest, stamly, wholetree brown and whol&ee green; see chapter 4).
The forest biomass and nutrient capitals under ezaesio are used to estimate and map
the nutrient sustainability for each upland stand within the Nova Scotia Forest Inventory,
according to current stand conditions, i.e., harvestable biomass, stand composition, soll

type, and expected rates of atmosphelement inputs.

PARENT MATERIAL WEATHERING

Aspatial Methods

The rate of chemical weathering of parent material was determined using the

simple and readily GKapplied "Clay Content” method (Sverdrapal., 1990; de Vries
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et al., 1993; Jeffries & Ouirat, 2004), which calculates the total rate of weathering
within the soil matrix based on soil mineralogy, depth, texture, and mean annual soil
temperature. This method was evaluated by Whitildl., (2006), and yielded similar

results for Nova Scotiaofest soils in reference to catchmeahd soil profilebased

met hods to estimate | ocal soil weathering
across Nova Scotia using the database of the Nova Scotia bedrock mineralogy (Appendix

VII), and assigningach lithology group to one of 4 classes of soil chemical weathering:

Class 1 represents acidic substrates such as those comprised of sand, gravel, granites,

guartzite, gneiss, and coarse textured schist, shale, greywacke and glacial tills.

Class 2 remrsents intermediate substrates such as granodiorite, loess, fluvial and marine

sediments, and moderdiae textured schist, shale, greywacke and glacial tills.

Class 3 represents basic substrates such as gabbro, basalt, dolomite and volcanic deposits.

Class 4 represents calcareous substrates such as limestone, marl and gypsum.

Soils derived from sediments such as alluvial or marine floodplains were assigned
to Class 3 in order to represent their generally mixed lithology and elevated nutrient
inputs(Chapter 6) All non-glacial till weathering class overrides are shown in Appendix
IX as suggested by Kevin KeyRRF, P.Ag.; Personal communication, 2D®eatlands
and other lowland/wetland soils were mapped separately, but were not included within
the wedhering functions. Forested wetlands are not considered within the Biomass
Decision Support Tool due to complications, which would require local assessments of
(i) additional primary nutrient inputs on account of upland and groundwater seepage, or

(i) lack thereof as in ombrotrophic bogs and poor soil drainage conditions.
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The rate of soil weathering was estimated for each lithology class in bas& eq ha

m* of mineral soil following the methods described by deVries, (1991):

Classl=56.7 Clay -0.32Clay (7.1)
Class2=500 +53.6Clay -0.18Clay (7.2)
Class3=500 +59.2Clay (7.3)
Class4=1500 +59.2Clay (7.4)

where Clay refers to the clay fraction of the mineral soil. This was followed by
accounting for local differences in soil depth, dgngemperature, organic matter and

coarse fragment content within the rooted soil matrix such that:

o _ CF %assx o@M
BG. = Db Dept@ 100 & %2& 273 ¢ 3 %Hann 88200 9 F0c (7.5)

whereDb is the soil bulk density (g c¢ff), Depthis the soil rooting space depth (cr&f

is the soil coarse fragmenbrtent (%),A is the Arrhenius prexponential factor (3600 J
mol* °C*; Sverdrup, 1990), the constant 273 is the conversion from Celsius to Kelvin,
2.6 is a reference temperature for northern climates (°C; de Vries, T#),s the
mean annual air teperature (°C)ClassX refers to the parent material class weathering
estimations (Eq. 7.17.4), andOM is the soil organic matter content (%). From this, the
rate of weathering for eachasecation (eq ha yr') can be calculated under the
assumptionHtat the weathering of eadtasecationis equal to the relative concentration

of each within the soil, i.e.:
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X,.=0.7X, BC, (7.6)

whereX refers to one of thbasecationelements (Ca, Mg, K); refers to the fraction of

X within the soil m#&ix (Eq. 6.22), subscripte denotes the contribution &fto the total
weathering rate, and 0.7 assumes that the contribution of weathering fiomhitzh is

not accounted for, is roughly 30% of the total weathering (Umweltbundesamt, 2004;
Whitfield et al., 2006). Using the results from Eq. 7.6, tobalsecation weathering

equivalentsBC,) for use within the critical loads functions (Eq 22.2) are set as:

BC.. = Ca,. tMg,. K, (7.7)

Spatial Methods

All spatial methods were realizedthin Arcmap 9.3.1 (ESRI, 2009).

Soil Weathering Classes

Spatial distribution of bedrock was derived from the Biophysical Land
Classification for Nova Scotia (NSDLF, 1986)hereaspatial assignment of weathering
functions (Eq. 7.2 7.4) to soil parent marials was based on bedrock fertility classes
within the Nova Scotia forest ecosystem classification (Kelysal., 2007). Spatial
alignment with the provincial boundary followed the same methodology as the geospatial
soil layer (Chapter 6). To ensure tli@al bedrock layer only represented upland
topography (weathering classést), the updated substrate layer was erased with the
provincial wetland and water polygon layers. Any remaininges polygons with either

no weathering class, or weathering cl@swere intersected with a 10x10m Fishnet
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(Xtools Pro, 2010) and eliminated into adjacent polygons. The final layer consisted of
complete georeferenced weathering class coverage across the province, spatially aligned

with the provincial boundary, wetlandsd water features (Figure 7.1).

Soil Parent Material
Weathering Class
B ' - Acidic

- 2 - Intermediate
- 3 - Basic

4 - Calcareous

0 37,500 75,000 150,000 225,000 300,000

Meters

Figure 7.1. Spatial distribution of the four upland soil parent material weathering classes across
Nova Scotia.

Mean Annual Temperature

In order tocorrect for the effect of temperatusgthin the total rate of weathieg
equation (Eqg. 7.5), average annual temperaftiamry was georeferenced across Nova
Scotia based on a 10krpoint grid. Daily maximum and minimum temperatures (°C)

were acquired fromAgriculture and Agrfood Canada(2009), summarized from
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EnvironmentCanada's National Climate Archive (Canadian Daily Climate Data,-2004
2008) for the Canadian landmass south of 60°N. The daily temperature values were
averaged annually, by month, for each point coordinate across Nova Scotia. A provincial
temperature rastdayer was interpolated from the point grid using the Tension Spline

interpolation method (Franke, 1982; Figure 7.2).

Average Annual Temperature
P 8°C

Ml sc

0 37,500 75,000 150,000 225,000 300,000
B T S aaaasaas——\leters

Figure 7.2. Average annual temperature across Nova Scotia based on Environment Canada's
National Climate Archive, Canadian Daily Climate Data, averaged across 2002008 and
interpolated using the Tension Spline methodHranke, 1982)
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ATMOSPHERICDEPOSITION

Atmospheric wet deposition data was taken from MNaional Atmospheric
Chemistry Database and Analysis System (NATChem), oMiieorological Service of
Canada (see Meteorological Service of Canada, 2005). Daily ion concentrationd (eq ha
yr!) were sampled by both the Canadian Air Pollution Monitoring Network (P988)
and the Nova Scotia Precipitation Study Network (32087). lon concentrations of
base cation&K*, C&*, Mg**; Figures 7.3 7.5 respectively) and acid compounds ¢{H
SO, SQ, NOs), were summarized by Ro and Vet (2002) as point grids (50km
resolution), which were geospatially interpolated into rastemdbrusing the kriging
method (Royleet al., 1981). Acid compound rasters were further summarized into total
wet deposition of N (N&f + NOs37; Figure 7.6) and S (SO + SQ; Figure 7.7) using

ArcGIS Spatial Analyst (ESRI, 2009).

Dry deposition was accoued for through a series of elememtecific multipliers,
established using dry deposition estimates &6f €£*, Mg®*, NH,", SQ* and NQ,
sampled at Cape Forchu, Nova Scotia (Yanni, 1996). Deposition samples were collected
between May- October, 1992, rad analyzed monthly using a dry deposition sampler.
Deposition concentrations were multiplied by the capsae@ion area of the sampler, and
prorated to annual deposition rates (ed #a'). Multipliers were calculated as the ratio
of dry to wet deposibn rates for each element, with the exception o NM@d NH;',
which were combined to represent total dry N deposition (Table 7.1). Total deposition of
base cation$BCqyep and acid compoundNgep Siep Were used within the critical loads

and exceedamrcequations (Eq. 2-12.2 and Eq. 2.3, respectively), where:
BCdep = Cadep +IVIgdep Kde (78)
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Total Potassium Deposition
I 15 eq/halyr
9 eq/halyr
0 37,500 75,000 150,000 225,000 300,000

Figure 7.3. Potassium (K) wet deposition across Nova Scotia based on the National Atmospheric
Chemistry Database and Analysis System dasat.

N
Total Calcium Deposition
M 54 eq/halyr
| 30 eg/halyr
0 37,500 75,000 150,000 225,000 300,000

Figure 7.4. Calcium (C&") wet deposition across Nova Scotia based on the National Atmospheric
Chemistry Database and Analysis System dataset.
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Total Magnesium Deposition
I 103 eq/halyr
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Figure 7.5. Magnesium (Md") wet deposition across Nova Scotia lsad on the National Atmospheric
Chemistry Database and Analysis System dataset.
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Figure 7.6. Total nitrogen (NH," & NO3) wet deposition across Nova Scotia based on the National
Atmospheric Chemistry Database and Analysis System dataset.
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Total Sulphur Deposition
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Figure 7.7. Total sulphur (SQ? & SO,) wet deposition across Nova Scotia based on the National
Atmospheric Chemistry Database and Analysis System dataset.

Table 7.1. Multipliers representing dry deposition across Nova Scotia fobase cationsand acid
compounds, adapted from Yanni (1996).

Dry Deposition Mulitplier

cg' 1.1600
Mg** 1.2906
K" 1.1837

1.0480

N 1.1253

BIOMASS HARVESTING

Harvestable forest biomass compartments (Chapter 4) and related nutrient exports
(Chapter 5) were estimated for stemly (SO), full-tree brown ETh) and fulttree grea
(FTg) harvest scenarios. Harvestable biomass compartments were calculated per stand for

each harvest scenaribl{ tonnes hd) as follows:
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(7.9)

gD,
. €
Mer, =8 €D V) Bark' + (7.10)
gDV

(7.11)

where subscripti denotes one of the 4 primary tree species, with corresponding
compositions (%)D is the speciespecific stem densities taken from Gonzalez (1990),

is the total merchantable volume that each species comprises within thenstduait)(

and superscript denotes the generated fractions for each biomass compartved (
bark, branchandfoliage Eq. 4.1 Lambertet al., 2005. Nutrient exports, expressed as

(eq h&') were obtained from:

Wood f

X =1000X ;o & E(D'V')(Woc’d | iﬂk ) | (7.12)
=g, v) (Bark [X™) |
4 4D, V;) (Wood [ ")+ :

X, =1000X, & 2(D,v, )(Bark [ ™) + | (7.13)
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L
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whereX refers to one of the 4 nutrients (N, Ca, Mg, K), the subsgfg denotes the
equivalent weight of elemen¢ (N =14, Ca = 20, Mg = 12.2, K = 39.1; g'BqTotal
uptake ofbase cationgBC,p) and nitrogenNy,) for use within the critical load functions

(Eq. 2.2- 2.3) were obtained by setting:

BC, =(Ca,s Mg, K9/ Age (7.15)

Ny, = Nys/ Age (7.16)
where the subscrigiS denotes one of the harvestenario outputs from Eq. 7.23.25
(SO FTb or FTg, respectively), andAge is the stand age. All uptake equations are

expressed in eq Har™.

Nutrient Deficiencies

Nutrient deficiencies refer to the difference between the amount of nutrient inputs
and the amount of nutrient exported from the forest site on account of harvesting. A
positive value signifies an excess of nutrient on site after biomass removal, whereas a
negative value signifies that biomass removal has taken more nutrients thanendit th
can replenish according to the current atmospheric deposition and soil weathering
estimates. For nitrogen, where parent material weathering is not a factor, the equation is

set as:
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Ndef = Ndep _Nup (7.17)

whereas fobasecationdefidencies, weathering is incorporated, such that:

Xyt = X

def

dep +Xwe XU| (718)

All deficiencies are expressed in egha™.

BASE-CATION LEACHING

Thebasecationleaching rate for upland soils was estimated from the law of mass
action and chrge conservation, such that the doécecationexchange is set as:

_CES- BC+ BBG. + B

Kexch_
BC- @ AGg - X

(7.19)

where Kexch IS the cation exchange ratio, set at 10 in order to reflect the adsorption
preference of soil surfaces for acid cations such*aand AF* over the adsorption of the
competingbase cationsuch as K, Na', C&*, and Mg* (NEG-ECP, 2001; Naset al.,

201Q Paul Arp, PhD,Personal communicatign CESrefers to the sum of soil cation
exchange sites (eq g BCis the sum of the exchangeabts dase cationgeq hd) ;  x
is the annual exchange of acidiase cationfleaching or accumulation) that shifts base
saturation from the current stat8g to the final statdBS); BCe c. and ACe cL are the

critical basecation and acidcation leabing rates under a zero basaion depletion

critical | c=®)drespecteatyagivenby: ( gpx
BCIe,CL = BCdep +BQNE (720)
_ 1 CES- Bg
ACccL = K.  BS, =BG e, (7.21)
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whereB&;, is the critical base saturation level, which under the requirementfafther

basecation depletion, is set to the current base saturation level of the soil. In order to

calculate the actual rate bésecationd e pl et i on, ®@x is solved for
a 100 BS- BS)
Dx ° Ig B
éﬁBS BS( ngch'l 'H.OQ B$ Qe,CL (7.22)

whereB§S refers to the final concentration sdil base cationé%), given by:

B 100
BS = max(0,EXC+ AG, , ) (7.23)
1+ Kexch BQ
e,CL

where EXC refers to the critical load exceedance, which is set to account for nutrient

uptakein orderto include the impacts of harvest induced deficiencies, as:

EXC=(Ne +Se) BGe BGe BG, Nf AG (7.24)

The depletion of eachasecation element Xqp) is assumed to be proportional to the

portion of that element on the basation exchange sites, i.e.:

X = X¢ B (7.25)
A positive value signifies an accumulation whereasegative value signifies laase
cation depletion, all of which are expressed in eq" ha'. The rate ofbasecation

leaching from the soil is given by:

BC. =BG 14 (7.26)

and the corresponding leaching rate for daatecationelement is given by:
xIe = Xf BQ& (727)
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Total basecationlosses Xos9 from a site, with and without harvesting are given by

Xioss = Xeep e Xy Ky (7.28)

loss — dep we up

HARVEST OPERABILITY AND SUSTAINABLE MAI

Using thebasecation leaching functions (Eq. 7.22) as well basecation and
nitrogen deficiency functions (Eq. 7.177.18), operability of each harvest scenario is
determined by way of the Sprendeébig Law of the Minimum (see Chapter 2).
Sustainability of each harvestesario iscalculatedoased on deficiencies alone, as well

as the combination of deficiencies and leaching, respectively, given by:
min gNEP™, Cali™, MgEF™, K 27" (7.29)
min @Nger CaiFier Mgt en K apl ser (7.30)

where the minimum value represents the grelvtiiting nutrient within the stand. Each
harvest scenario is considered sustainable only if the minimum value is > 0, which
signifies thatbasecationinputs exceed the amount leached, and that there are no nutrient
deficiencies. Although each harvest seemaassumes 100% removal of the tissues
represented (i.e. cleaut), a sustainable rate of harvestingalso calculated using a

sustainable annual stem biomass increm®BM]), obtained from:

(i) the estimated rates of nutrient supply based on atmospiepiasition and soil

weathering Xqep + Xwe), WhereX refers to N, K, Mg, or Ca,

(i) the massveighted nutrient concentration per harvested biomass, denoted by

[Xexpord (€9 tonné),
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(i) estimatingSBMIby harvest scenario and by nutrient element, i.e.,

SBML™™ = ( Xy +Xu0 /& Xespor (7.31)

| Export
X

(iv) choosingthe minimum of SBM among the harvestpecific SBMI estimates

for N, K, Mg or Ca, i.e.,
SBMI®®" = min( SBM[™", SBMF™", SBME®", SBMF*®) (7.32)

A sustainable rate of harvestinglAls,s m* ha' yr) is thengenerated for each stand

according to tree species compositions and stem density per tree spgcsesli that

_ .4 SBMIPP"

MAISUS - a.
2 D (7.33)
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CHAPTERS

BIOMASS DECISION SUPPORTTOOL SPECIFICATIONS

INTRODUCTION

The biomass decision support tool (BDST) is a dual model package containing
both a spatial and aspatial sustainability model in order to simulate the impacts of
biomass harvesting and soil acidification on kegn soil nutrient balances and forest
growth. A stedy-state approach is used to determine the input/output mass balance of
forest nutrients based on averaged annual data. This approach allows for the estimation of
sustainable biomass production across the landscape ushsgesiiéic nutrient supplies
in relation to nutrient demands of the existing vegetation. The spatial model is designed
to allow visualization of harvest and acid deposition impacts across the landscape, based
on generalized harvest scenarios, whereas the aspatial model allows for furs=t de
harvest prescriptions, and the ability to change inputs based on field verified data. The
following chapter will present the various model specifications and components used to
predict biomass harvest sustainability and quantify nutrient balancessponse to

harvesting and acid deposition.

MODEL COMPONENTS

Ecounit Layer

In order to run the BDSC, a geospatial ecounit layer was established in which the
model calls upon the various environmental attributes associated with parent material

weatherimg, soil, climate and atmospheric deposition. Within Arcmap 9.3.1 (ESRI, 2009),
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the soil and substrate weathering polygon layers were intersected into a single layer. In
order to incorporate the wet deposition and temperature grids, a series of zorigsstatis
were performed using ArcGIS Spatial Analyst (ESRI, 2009). An-arghted average

of wet S, N, K, C&* and Md"* deposition, as well as average annual temperature, were
calculated for each unique sailbstrate polygon. The resulting layer contaioeer
98,000 polygons, containing complete soil, substrate weathering, atmospheric deposition

and tem perature coverage.

Biomass Lookup Table

A biomass compartment and nutrient concentration lookup table was established
as an external model input to alldhe user the ability to update biomass compartment
and nutrient concentration parameters, as new information becomes available. The
lookup table includes the speciemnd biomass compartmesypecific parameter values
(Chapter 4), and corresponding nutrieahcentrations (Chapter 5) for each of the 40 tree

species within the Nova Scotia forest inventory (see Appendix X).

Forest Inventory

A geospatial forest inventory layer is used to initialize the BDST spepecific
biomass and nutrient uptake caldidas. The forest inventory is an external input to the
model in order to allow the user to update forest characteristics as data becomes
available, as well as define the scale in which to run the model, from individual stands, to
entire provincial inventiees. At a minimum, the model depends on the following stand

level forest inventory attributes:
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a) Total merchantable volume {rha’);
b) Average stem diameter (cm);
c) Average age (years);

d) Tree species composition (up to 4 levels; %)

BDSTMODEL STRUCTURE

Spatal Model

The Environmental Systems Research Insti{ig8RI) spatial modelling interface
(ModelBuilder; Arcmap 9.3.1) allows for automated processing of botkexisting
spatial tools, as well as userveéoped tools, by way of the VB.NET (Microsoft Visual
Studio) scripting environment. The BDST was structured as a linear, patested
model, in which each model process is dependent on the output of the previous process.

Four primary subnodels are wed within the BDST (Figure 8.1):

1. Parent material weathering suipdel, which estimates the annual ratebase

cationrelease within soils;

2. Critical loads and exceedances snbdel, which estimates the soil critical acid
load and related exceedances cduseacid deposition;

3. Sustainable productivity model, which calculates biomass harvest sustainability
based on sitgpecific nutrient availability and related trespecis-specific

nutrient demand;

4. Nutrient leaching and depletion suiodel, which estimatethe rate of nutrient
leaching caused by acid deposition, as well as hamested basecation

depletions.
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Aspatial Model

The aspatial model is an individual stand calculator, constructed within a
Microsoft Excel (2007) spreadsheet. The aspatial model replicates all components and
submodels within the spatial model, but allows the ability to manipulate the various
forest, sd, climate, atmospheric deposition and substrate weathering characteristics, in

order to:

a) Update site characteristics based on field verified data;
b) Allow for user designed harvest prescriptions to assess sustainability;

c) Allow for scenario based sustairilgly modelling and sensitivity analysis.

The aspatial model is initialized by selecting an individual stand from the forest inventory
within ArcGIS. The tool calculates an areeighted average of each ecounit
characteristic for the selected stand, arploets the results as an ASCII file for import

into MS Excel.

BDSTMODEL SPECIFICATIONS
The following section lists the BDST spatial and aspatial model specifications as
they relate to sitspecific input variables, model outputs, potential model swe)ar

model validation and modelling platforms.

Model Inputs

Soil Characteristics

1 Rooted depth (cm)
1 Bulk density (g crif)
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Total cation exchange sites (CES; ethha
Base saturation (%)

Coarse fragment content (%)

Clay fraction (% of mineral soil)

Organic arbon content (%)

Organic matter content (%)

Nitrogen content (%)

Exchangeable K C&*, Mg®* (% of CES)

=4 =4 =4 A4 A4 -4 -5 -2

Atmospheric Deposition & Climate

f Wet and dry atmospheric deposition for K, Ca, Mg, N and S (éqfia
1 Average Annual Temperature (°C)

Bedrock Gelogy

1 Soil parent material substrate (lacidic, 2 - intermediate, 3 basic, 4-
calcareous)

Forest Vegetation

Stand composition (4 major tree species; %)

Total merchantable volume frha?)

Stand age (years)

Average softwood and hardwood diameter (DBkh)
Species specific biomass compartment parameters

= =4 =4 A4 A5 -2

Species specific nutrient concentrations per biomass compartment ¢ing kg

Model Outputs

f Total biomass removed (tonnes'ha
§ Total biomass remaining on site (tonne%)ha
1 Harvest operabilitywith andwithout base cation depletipies or No)
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Basecationleaching (eq hayr?)
Sustainable harvest ratith and without base cation depletion® ha' yr)
Critical acid load and exceedancésqg ha' yr)

= =4 =4

Primary growth limiting nutrients (N, K, Ca &4Q)

Potential Model Scenarios

Emission control scenarios
Climate change scenarios
Site productivity scenarios

= =2 =4 A

Harvest sustainability scenarios

Model Validation

1 Publishedsoil leachate fluxes for N, K, Ca and Mg
9 Publishedritical load andexceedance eshations

Model Platforms

1 ArcGIS 9.3.1, ModelBuilder (Spatial)
1 Microsoft Excel 2007 (Aspatial)
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CHAPTER9

GENERATEDRESULTS VALIDATION AND SENSITIVITY ANALYSES

INTRODUCTION

Due to confidentiality concerns with Nova Scotia foresemtoery data, discussion
of analysis results is mainly limited to aspatial summaries ofnsodbel outputs.
However, detailed results are provided for Kejimkujik National Park, including results of

selected model sensitivity analyses.

PROVINCIAL RESULTSAND VALIDATION

Parent Material Weathering

Across Nova Scotjaveathering rates ranged betwes#h- 6017eq ha' yr?, with
a mean value o876 eq ha yr' (Table 9.1) Within the acidic substrate clasthe
maximum rate of weatheringxceeed that ofthe inermediate classvhich is attributed
to the diversity of soil conditions across the acidic substrate, elagbey relatéo soil
depth and clay fractionsMean weathering rates foll@g an acidic < intermediate <

basic < calcareous sequence, as expected

Estimated weathering rates were considerably higher than previously reipprted
Whitfield et al., (2006),using the Clay Content method (3030 eq ha yr?), although
siteswithin this studywere restricted to 5 aciskensitive catchmentsithin Nova Scotia
Converselypasecationweathering estimates from & McNulty (2007), usingthe same
approach ranged from 225 to 2250 eq ha yr' for acidic, intermediate and basic

substrate classeSimilarly, Arp et al., (1996) found thatbasecation weatheing rates
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ranged between 1312478 eq ha yr' for acidic intermediate and basubstrates
within southern OntariolThe model estimates also fall within the range of the mineralogy
dependent PROFILE weathering estimates from Ouienel., (2001), foracidic and
intermediate substrates across Quebec- (Z960 eq ha yr'), and from Kosevat al.,
(2010), for acidic, intermediate and basic substrates across Canada 2142 eq ha

yr'). The maximum weathering rates within the basic substrats dasot reflect those
found within other studies, althoughettnigrestvalues arerestricted totwo soil series

which are characterized by a rooted depth >1m (i.e. Annapolis and Seely soils). Aside
from these, th@anges of basic substrate weatheringsgR13- 1697 eq hdl yr-1) are
comparable to the ranges discussed previousty.basecation weathering rates for

calcareousubstrates could be found for comparison.

Table 9.1. Descriptive statistics for basecation weathering rates (eq had yr™), by substrate acidity
class,across Nova Scotia.

Weathering Rate Estimates (eq Hgr™)

Substrate Class Mean  Std. Dev. Min Max Count
1- Acidic 287 103.3 84 2260 369065
2 - Intermediate 388 91.2 188 1032 543381
3 - Basic 740 348.9 213 3787 53421
4 - Calcareous 842 298.9 530 6017 14248
Combined Classes 376 173.2 84 6017 980115
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Critical Acid Loads and Exceedances

Critical acid loads rangedetween0 and 5819 eq ha yr?, with the highest
critical loadwithin the no harvest scenariddble 92). Mean critical acid loads folload
that CL no harvest >CL stemonly > CL full-tree brown <CL full-tree greenacross
Nova Scotia For each harvesting scenarithe minimum criticalacid load = 0, which
suggestghere are stands within the province whwebuld besubject toharvestinduced
nutrient losses without the added strain of soil acidificatiolhesenutrient deficient
stands primarily occur within acidic substrates, although #@reyalsopresent within
intermediate and basic substrates due to the presence of ndémeabdingree species

in conjunction with low weathering and atmospheric nutrient inputs

Table 92. Descriptive statistics for critical acid loads (eq ha yr™), by harvest scenario, across Nova
Scotia.

Critical Acid Loads (eq hgr?)

Harvest Scenario Mean Std. Dev. Std. Error Min Max
No harvest 692 256 0.37 124 5819
Stem-Only 638 275 0.37 0 5609

Full-tree Brown 622 277 0.37 0 5606

Full-tree Green 640 276 0.37 0 5608

Critical Acid load exceedances ranged frefi55 to 877eq ha yr, following
the opposite sequence e critical loads, wher&XC no harvest <EXC stemonly <
EXC full-tree brown >EXC full-tree greer{Table 93). The minimum exceedances under
each scenario are within standsatedon calcareous substest whereas the maximum
exceedancegenerallyoccur on acidic substrates, as expecidtk increasein critical

loads and subsequent decreasexoeedances between the fde brown and fultree
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green harvest scenarios is a result of the change lrageeation- nitrogen uptake ratio.
This ratio is lowest for the fullree green harvest scenario becaafse high amount of

foliar nitrogen uptake and subsequBnéxportsthrough harvesting

Table 93. Descriptive statistics for critical acid load &ceedances (eq hhyr™), by harvest scenario,
across Nova Scotia.

Critical Acid Load Exceedance (ed k&)

Harvest Scenario Mean Std. Dev. Std. Error Min Max
No harvest 95 283 0.38 -4755 726
Stem-Only 149 283 0.38 -4745 872

Full-tree Brown 165 284 0.38 -4743 877

Full-tree Green 148 283 0.38 -4745 877

The projectednediancritical load under the no harvest sceng6ibv7 eq ha" yr)
is ~24% lower thanthe previously reporteanediancritical load for Nova Scotia (81€q
ha' yr1; Ouimetet al.,2006).Similarly, the median critical load exceedance (&g&ha*
yr') is 48% higher than previously reported35 eq h& yr'). The current area mapped
in exceedance is 73%f the forested area across Nova Scatsacompared to the
previowsly reported 40%The difference in mediancritical loads and exceedancésr
Nova Scotiais attributed to(i) the Ouimetet al., (2006) study using coarse filteoib
weatheringestimates based dredrock geology only, whereas the current approach takes
into account detailed soil informatian combination withbedrock geology, including
soil seriesspecific rooted depths and clay fractip(ig the current approachseda zero
basecation depletion scenario (i.ACe cL = current soil base saturatioBhapter 2)to
determine an acceptable levellEsecationlosses whereas the previous approaded
critical molarbasecationfAl ratio andgibbsite dissolutioparametersboth of which are
highly speculative(Bosmanet al., 2001) The previous approachlso assumes these

parameters are static across all eastern Canadian wbisgas the zero basation
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depletion scenario allows for seiéries specific base saturation leyelor finer

resolution of critical acid load estimates.

BasecationDepletions

Meanbasecationdepletions across Nova Scotia ranged betw82rand-138 eq
ha® yr', with the severest mean depletion ratesurring under the fuliree brown
harvest scenario (Tabledd. The 10% decrease in depletion rates between thérdell
brown and fulitree green harvest scenarios is a result of the increased N uptake from
foliage compartmentsas stated previouslynder ano harvest scenariobasecation
depletionratesfollow that acidic > intermediate > basic > calcareous substrases,
expected.Basecation accumulations are predicted for each harvest scenawio are

generally restricted toalcareous substrates (Max = 426158 eq ha yr™).

Table 94. Descriptive statistics forbasecation depletions (eq hd yr™), by harvestscenario, across
Nova Scotia.

Base Cation Depletion (eqhgr?)

Harvest Scenario Mean Std. Dev. Std. Error Min Max
No harvest -82 213 0.29 -798 4267
Stem-Only -125 214 0.29 -931 4358

Full-tree Brown -138 215 0.29 -955 4355

Full-tree Green -124 214 0.29 -955 4357

Predicted hsecationleachateestimateqChapter 7; Eq. 7.28)ere compared to
streamand lakebasecationion budgetsas described by Yanwit al., (2000),for 7 sites
within Kejimkujik National Park (Figure ). Basecaion leachateateswere averaged
for each forested stand within 200mtbé study sitdlow channels by harvest scenario,

in order to capture all direct upland leachatkiences.
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Mean lasecation leachateateswere comparable tthe mearobservedeadtate
rate with only a 4% increase betweehe no harvest scenaramdthe observed leachate
estimate(Table 95). The trend among harvest scenarios follows thabadecation

depletions, where no harvest < stenly < full-tree brown > fulitree green.

Legend

‘? @  Stream Chemistry Points
" Streams
|
. v\‘ Water Bodies
Kejimkujik National Park

Figure 9.1. Stream chemistry study areas in redtion to mapped water features within theKejimkujik
National Park boundaries
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Table 95. Descriptive statistics for observed baseation leachate estimatesYanni et al.,2000;eq ha
1 yr™) and predicted base cation leachate estimates for the no harvest, stemly, full-tree brown and
full --tree green harvest senarios, acrossKejimkujik National Park, Nova Scotia.

Base-cation Leachate Estimates (ed &)

Mean Std. Dev. Std. Error Min Max
Yanniet al., (2000) 582 187 71 402 895
No Harvest 609 139 53 487 839
Stem-only 644 145 55 520 878
Full-tree Brown 654 147 56 527 887
Full-tree Green 632 143 54 512 859

Sustainable Operability

Generally, model results suggesthat basic substrates swuppng tolerant
hardwood communities have a higher rate of potential nutrient deficiencies then acidic
substrates dominated by conifer or intolerant hardwood communities. Although this
appears counterintuitive due to the nutrient rich soils within theses athe phenomenon
has also been observed by Mretzal., (1985), who suggested that the greatest impact
from full-tree harvesting of northern hardwood communities was found on sites with high
nutrient capitals, and not within poor quality (acidic) ar@dss has been attributed to
northern hardwood species having a higher nutrient demand (Chapter 5), as well as

deeper root networks than conifers (Schedthl.,2007).

Across Nova Scotia,rgwth limiting nutrientsgenerallyfollowed aCa> K > N
sequene for all harvestscenariosboth with and without base cation depletiollg was
not deficient under any harvest scenario, which is attributed to the low Mg demand by
trees relative to Ca, K and Nl'he elevated Ca depletion estimatetich are prevalent

throughout eastern North America (Fedesdr al., 1989; Huntingtonet al., 2000;
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Lawrenceet al.,1997; Yanakt al.,2005),are a result of Cgenerallybeing the dominant
basecation within soils across Nova Scotia, thus more susceptible to depletion. N
deficienciesrange betweeh and5% acrossthe province, increasing frothe stenzonly

to full-tree green harvest scenaridsis is a result of the high N concentrations in tree
foliage compartments, and subsequent high N exports under-tetilgreenharvest

scenario.

KEJIMKUJIK SPATIAL RESULTS

Detailed resultsof the various model outputs aggovided for Kejimkujik
National Park, including results of selected model sensitivity analyseshis thesis
primarily focuses on developinga framework for establishing a biogeochemical
sustainability model, the@uthor makes no claim as to thecuracy of the predicted
outputs. Output accuracy is dependent on the accuracy of the various input variables,
which arepotentially limited due to various spatial selutions amongst the input data
sourceqsee chapter 7)t is therefore recommended that all variables be reviemrezh
implementingstand specific analysis artarvest scenario design, and that improved

input data layers be used as they become available

Kejimkujik National Park is located within southestern Nova Scotia,
encompassing an area roughly 3. The park is dominated by acidic substrate in the
west, intermediate substrate in the east, and basic substrates throughout floodplain zones
(Figure 92). The forest is dominated by conifers and intolerant hardwoods, with scattered

pockets of tolerant hardwood communities throughout (Fig®e 9.
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Figure 9.2. Substrate acidity classification forKejimkujik National Park.
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Kilometers

Dominant Forest Species
[ Balsam Fir Red Maple [l Sugar Maple B unciassified
- Black Spruce | Red Oak Trembling Aspen [l Eastern White Pine
I Eastern Hemiock [ Red Pine [l Tolerant Hardwood [ Red and Black Spruce
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Figure 9.3. Dominant forest tree species across Kejimkujik National Park.

Parent Material Weathering

The estimated parent material weathering rates (Ch@ptemged from 128 to
780 eq ha yr', with a mean weathering rate of 398 ed lya" (Figure 94; Table 96).

Within the acidic substrate class, weathering rates would be as much as 661yed, ha
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whereasintermediate substrates would have weathering rates within tfe- 28"
percentiles of the acidic substrate range. ifkermediate substrate class wapreserdgd

by relatively uniform glacial till parent material with a fairly narrow range of soil
weathering rates (333496 eq ha yr'). The basic substrate class comprised of uniform
alluvial soil (i.e., Cumberland series), had the highest and narrowest visgitbstimates

at 767- 779 eq had yr* (Figure 95).
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Figure 9.4. Box plots illustrating the range ofbasecation weathering rates (eq ha yr%), by substrate
acidity class across Kejimkujik National Park. Box plots show the 18, 50", and 90" percentiles, and
outliers below the 18" and above the 98 percentiles.
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Table 96. Descriptive statistics forbasecation weathering rates (eq hd yr™), by substrate acidity
class, across Kejimkujik National Park Nova Scotia

Weathering Rate Estimates (eq Hgr?)

Substrate Class Mean  Std. Dev. Std. Error  Min Max Count
1 - Acidic 309 124 1.78 128 661 4841
2 - Intermediate 357 31 0.83 333 496 1394
3 - Basic 772 3 0.93 767 780 1310
Combined Classes 398 199 2.29 128 780 7545

Kilometers

Parent Material Weathering Rate

o100 | 200-300 400-500 | 600 - 700

B 100 - 200 300 - 400 500 - 600 [ 700 - 800

Figure 9.5. Spatial illustration of parent material weathering rates (eq ha’ yr™*) acrossKejimkujik
National Park.
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Critical Acid Loads and Exceedances

The baseline critical acid loads (no harvest scenario) across Kejimkujik Park
ranged between 3541110 eq ha yr?, with amean value of 676 eq har™ (Figure 96;
Table 97). The lowest critical loads were located in open bedrock substrates containing
shallow soils (i.e. Rockland series), whereas the highest critical loads were found on the
alluvial Cumberland soil (Figer 97). The biomass harvest scenarios modified the
general critical load trends such that Cl-hmarvest > CL steronly > CL full-tree brown,
but that CL full-tree brown < CL fultree green due to the corresponding changes in the

expectedasecation- nitrogen uptake ratio.

The baseline critical acid load exceedances acrossKjk Park varied from
282 to 8@ eq ha' yr', with a mean value of 158 eqhgr (Figure 98; Table 98). As
to be expected, the harvest scenario exceedance trend follosvedtical acid load trend
in the opposite way, such that EXC-harvest < EXC steronly < EXC full-tree brown,
but that EXC fulitree brown > KC full-tree green. Although all values between th8 25
and 5" percentilesuggest positive exceedances ol ageposition, there are negative
exceedanceas well throughout Kejimkujik Parld.e. no soil acidification)particularly

within forest stands on Cumberland soil (Figarg).
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Figure 9.6. Box plots illustrating the range of critical acid loads (eq ha' yr), by harvest scenario
across Kejimkujik National Park. Box plots show the 18, 50", and 90" percentiles, and outliers
below the 10" and above the 98 percentiles.

Table 97. Descriptive statistics for critical acid loads (eq hd yr™), by harvest scenario, across
Kejimkujik National Park, Nova Scotia.

Critical Acid Load Estimates (eqha™)

Harvest Scenario Mean  Std. Dev. Std. Error  Min Max Count
No Harvest 676 165 2.72 354 1111 3678
Stem-Only 627 167 2.75 294 1116 3678
Full-tree Brown 612 171 2.82 21 1127 3678
Full-tree Green 639 172 2.83 93 1194 3678
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Figure 9.7. Spatial illustration of critical acid load estimations (eq ha yr™) for eachharvest scenarig
within Kejimkujik National Park, Nova Scotia .
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Figure 9.8. Box plots illustrating the range of critical acid load exceedances (eq Har™), by harvest
scenario across Kejimkujik National Park. Box plots show the 19, 53", and 90" percentiles, and
outliers below the 18" and above the 9 percentiles.

Table 98. Descriptive statistics for critical acid loadexceedancegeq ha® yr™), by harvest scenario,
across Kejimkujik National Park, Nova Scotia.

Critical Acid Load Exceedance Estimates (efyrd)

Harvest Scenario Mean  Std. Dev. Std. Error  Min Max Count
No Harvest 158 166 2.74 -282 481 3678
Stem-Only 207 168 2.77 -289 543 3678
Full-tree Brown 222 172 2.84 -301 809 3678
Full-tree Green 195 173 2.85 -367 737 3678
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Figure 9.9. Spatial illustration of critical acid load exceedanceestimations (eq h& yr™) for each
harvestscenario, within Kejimkujik National Park, Nova Scotia.
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BasecationDepletion

Basecationdepletion rates under tm® harvesscenario ranged fror890 to 238
eq ha yr' across Kejimkujik park, with a average depletion ratel®3 eq ha yr*
(Figure 910; Table 99). The relationship betwedmasecationdepletion and critical load
exceedancesacross Kejimkujik Parks somewhatinear,and thereforehe trend between
harvest scenarios follows the same sequence as critical load exceedances (naharvest
stemonly < full-tree brown > fulltree green). The severest depletions are predicted to
occur within stands over acidic substrates, although there is variation within this substrate
class related to soil conditions and species compositions. Althoaghdjority of stands
are predicted to experient@secation depletions, even under a futee green harvest
scenario, all outliers above the"™®percentile are predicted to experiertz@secation
accumulations Basecation accumulations are generallymited to stands located on

basic substratg$igure 9.11)
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Figure 9.10. Box plots illustrating the range of basecation depletions (eq ha yr™), by harvest
scenario across Kejimkujik National Park. Box plots show the 18, 53", and 90" percentiles, and

outliers below the 18" and above the 9 percentiles.

Table 99. Descriptive statistics forbasecation depletions (eq hd yr™), by harvest scenario, across

Kejimkujik National Park, Nova Scotia.

Base Cation Depletion Estimates (eqha™)

Harvest Scenario Mean  Std. Dev. Std. Error  Min Max Count
No Harvest -123 136 2.25 -390 238 3678
Stem-Only -161 138 2.28 -440 244 3678
Full-tree Brown -172 142 2.34 -531 254 3678
Full-tree Green -151 142 2.34 -484 310 3678
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Figure 9.11. Spatial illustration of basecation depletion estimations (eq ha yr™) for each harvest
scenario, within Kejimkujik National Park, Nova Scotia.
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