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ABSTRACT

Decades of acid deposition in northeastern North America has resulted in base cation (Ca, Mg,
K) loss and increaseskchangeablél concentrations in many forest soils across the region. In
Nova Scotia, Ca has been identified as a potentially limitingemitaffecting current or future

forest productivity in many areasncludingplantation sites where nutrient demands are
increasedhroughintensive management. In this study, tise ofalkalinetreated biosolids

(ATB) on spruce plantations was investigd. It was hypothesized that ATB could be a good
source of Ca in Gimited sites, while providing an environmentally sound-asd for this
wastestream product.

Through field and greenhouse trials, it was found that ATB can incneiagealsoil Ca ad base
cation / Al ratios in Cdimited sites while also increasing forest floor pH and reducing
exchangeable Al concentrations. In additioATB treatments did not result in any significant
accumulation and/or leaching of N@r trace metals, nor tany impact on ground vegetation
abundance or diversiig the juvenile plantations assesskdlid, however, improve Ca, K, P,

and Mn concentrations in white spruce crop tree foliage, while also slightly increasing diameter
incrementover two growing seasons

With appropriate consideration of soil and site characteristics, use of ATB could be an effective
way to offset current or future Ca deficits associated with base cation depletion and intensive
harvesting in Nova Scotia sprucuptations, but it may not result in any shi@tm increases in

yield due to lack of significant impact on N availability and/or the presence of other limiting
nutrients. In addition, ATBroduced using cement kiln dust as the alkaline stabifzepoo

source of Mg, and the possibility of creating major Ca:Mg imbalances and/or inducing Mg
shortages needs to be addressed when apghiiBgto plantation soils

Althoughinitial results support the possible use of ATBpruceplantation nutrienmanagement,
further research is needed to assess the longevity of ATB treatnpaats on plantation soils and
vegetationas well ashe associated cosffectiveness oATB use versus other amendments such
as lime and wood ash.
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CHAPTER 1

INTRODUCTION

BACKGROUND

Plantationforestryfalls under the category of intensif@estmanagement with its
possibleuse of site preparation, improved growing stock, density management, competition
control, and short rotation lengths to generate incregists In Nova Scotiamaximum
productivity in fully stocked, natural softwood stands is estimated to be abcttd ymt on
sites of average qualityusingred sprucdéPicea rubensas the reference treewith actual
values typically between 2 and 3 tra* yr'! due to variation in stocking levels and species
composition (NSDNR2011). In contrast, productivity der plantation management is predicted
to be about 7 ha? yr! with full stocking, or about 6 frha® yr with typical stocking levels.

In terms of yield, this equates to a doubling of predicted harvest volume from*1&0 on
typical unmanaged stands to about 3Gthat from plantations at peak mean annual increment
(NSDNR2011).

To realize potential volume gains from plantation management over thedongand to
meetsustainable foreshanagemembjectivesthere musbe a sufficient supply of nutrients to
offset increased exports due to harvestihgwever,based on output from a new stealgte
nutrient budget model described by Keys et al. (2016), many plantation sites in Novarfagotia
not be able to continuousigeet desired yield targets over time without the use of soil
amendmentéseeChapter 2)Based on initiamodelruns, the nutrient predicted to be most
limiting in Nova Scotigplantations icalcium Ca). This is in keeping with other studies from

easterrNorth America which show declinés forest soilCastocksfrom a combination of acid



depositionand harvesting (Freedmanhal. B86; Federer et all989; Adams et aR000;

Huntington2005).

Calcium Depletion and Acid Deposition

Acid deposition is thendproduct of various reactions between sulphur oxides (SOx),
nitrogen oxides (NOx), andater in the atmosphere that reaches earth as precipitation and fog
(wet deposition); or as gases, acid aerosols, and particles (dry deposition) (M2005)n
Major sources of SOx and NOXx include fossil fuels (refining, power generation, transportation),
mining and smelting, and production and use of fertilizers (Mor20@5; Rice and Herman
2012).In northeastern North Americaylphur dioxide $Op) emissions have accounted for the
majority of acidity in deposition (Lynch et &000; Niemi2005). As a wholeSCG; emissions
increased steadily in North America fralre mid1800s, peaking in the 1970s before starting to
decline (Figurel.1). Thisdeclire coi nci ded with initial recogni
environmental problem in the early 1970s (CATCTEIB3), recognition that eventually led to
legislation designed to address acid deposition pollutithe 1970Clean Air Act(US), 1990
Clean AirAmendment@JS), and 199Air Quality Accord(US and Canada).

Data from the Canadian Council of Ministers of the Environri@atME) (2013)show
significant declines in wet deposition sifilphate $0:%) andnitrate(NOs") between 1990 and
2010 reflectinghedecreas in SO and NO emissions over that period (Figere2and 1.3.
Wet deposition of noseasaltSQ> in Nova Scotia decreased from approximateR0&g hat
yrito 412 kg ha' yrt, while NOs decrease from approximately €15 kg hat yr to 3-9 kg ha
yrl. However, @spite thessignificantreductions, overall recovery of northeastern forests and

surface waters from decreased acid deposition has not materialized as quidged(e.g.,



Houle et al. 2006; Johnson et al. 2008; Warkgl.e€2009; Lawrence et al. 2012). Indeed, some
projections suggest it could take several decades for many sites to naturally, régevempart

to (i) reduced acid neutralizing capacity in impacted swild(ii) desorption of SG* that can
continue tgoromote base cation depletifriscoll et al. 2001).

In addition large areas of forestay still be receiving excess deposition despite emission
reductions. For example, approximately 38% of eastern Canadian forests (range 3% to 61%) and
29% of New England forests (range #82%0) were still subject to acid deposition exceedances
10 years aftesigning of theAir Quality Accord-based on critical loads modelling using 2002
2003 data (NEGECP2007). For eastern Canada, Nova Scotia had the greatest exceedance
estimate (61% of mapped forest ar@&ayure 14). Although acid deposition levels have
continued to decline since 20@P03 (Keys et al. 2016), there continues tousesptibility to
acid exceedance in Nova Scotia due, in part, to low weathering inpartshecoarse, acidic till
soils that dominate many parts of the provi(\ahitfield et al. 2006)

The impacts of longerm (and continuing) acid deposition on northeastern forests have
been well studied since the 1978stensive and ongoing research has identified the following
trends andmpacts (from reviews by Lawrence et al. 19B@iscoll et al. 2001; Schaberg et al.
2001; Driscoll et al. 2003; Watmough and Ouimet 2@@hn et al. 2006; Lawrence et al. 2012;

and Duarte et al. 2013):

1 Longterm aciddeposition has caused increased soil acidification and depletion of
exchangeable base catidoalcium C&*), magnesiumNig?"), potassiumK™), and
sodium (Na")] which has led to a genal declingn percentase saturation (% B&nhd
pH, and an increase in bioavailable formsloiminum AI®*). Acidification and
depletion trends are variable, however, due to variation in acid deposition levels, soil
buffering capacity, base cation uptake by vegetation, and base cation depestion
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1 Concomitant with base cation depletion has been a general increasesuiguir §)
andnitrogen (\) concentrations in forest soils which are implicated in the slow or
negligible recovery of many streams and lakes from reduced acid depesttiinly
through ongoing desorption and leaching of ex&Qg& ions with AF* andhydrogen
(H"). Another contributing factor is decreased $6iBS which is directly linked to
decreased acid neutralizing capacity (i.e., less ability to neutralize acidity despite

reductions in inputs).

1 A general association between increasing soil acidification and declining tree growth has
been observed since thedaile of the 28 century, but impacts are variable and/or
confounded by other contributing factors (e.g., species mix, climate gradients, and other

disturbances agents).

1 In addition to reduced productivity, chronic soil acidification can lead to redoocest
health and increased sensitivityduotic stresses, insect defoliation, and disease
especially on marginal sites (with respect to species suitability) and sites with poor
buffering capacity. This is mainly due to

1 Nitrogen deposition can potentially increase productivity ilinNted ecosystes
(fertilizer effect), but can also lead to nutrient imbalances and/or base cation depletion on
sites whereN is not limiting and/or where nitrification rates are enhanced leading to

excesNOzs leaching.

Calcium Depletion and Forest Harvesting

In addition to acid leaching losses (and in the absence of fire), the other main source of
nutrient removal from forest sites is throyggriodicharvesting (Federer et al. 1989). These
nutrient losses occur directly through biomass removal, as well iasatigl through posharvest
leaching losses associated with increased forest floor and/or slash mineralization {888jns

While it is relatively easy to estimate direct nutrient removals by usingest mass data and
4



speciesspecific biomass concentians (e.g., Pardo et al. 2005), potential guastvest leaching
losses are harder predict andquantify because they depend on-specific soil and vegetation
conditions, timing and extent of harvest, pbatvest weather patterns, etc. d\gesult post

harvest leaching losses can be negligible to substéatip] Adams 1999)

Calcium Depletion and Aluminum Stress

There are several pbuffering mechanisms in soil associated with different pH ranges.
In general, soils are mainly buffered through silicate mineral weathering (i.e., base cation
release) when pH is between about 6.2 and 5.0. This changes to mainlgtlmsexchange
buffering when pH is between 5.0 and 4.2, and #kleand/oriron (Fe) hydroxide buffering
when pH is about 4.2 or less (Tomlinst®00). Using several forest soil samples from eastern
Canada, Clark and Hill (1964 Reuss and Walthall990)showed pH to be relatively consistent
(between 4 and 5) over a large range of @aVig?* percent saturation values (2686%), thus
indicating the dominance of base cation exchange in buffering pH in these soils.

In soils that have been impacted by awéposition, concentrations of $QNOs', and
H* are increased. If increases in mol8i&? andNOs are not offset by plant and microbial
uptake 8y and NQ") and mineral soil adsorptio®Q:?), they will be leached from the soil.
Given the requirement for electreutrality in aqueous solutions, cations must also be leached
with excess anions, and when soil pH is in the range associated with cation exchange buffering
(i.e., about 4.%5.0), bas cations (C&, Mg?*, K*, Na") will make up most of the required
positive charge in soil leachatéthese base cation losses are not offset by inputs from soil

weathering and/or atmosphedeposition, theasecationdepletionwill occur —the overall



impact of which depends on initial base cation stores (partiglaf*, Mg?*, andK™), the rate
of loss, and the crossing of deleterious threshold values (to be discussed further below).

Base cation depletioand associated decreases in soil pH evi#ntually lead to
increased Al in solution via two mechanisms. As noted above, when soil pH drops into the low
4.0 range, further acid buffering becomes more and more associated with reled$érofmAl
hydroxide minerals (simplistically represented Bi* + AI(OH); —~ A+ 3H0) rather than
through cation exchange, thereby increasing the concentration of exchangéineail while
also limiting the drop in pHDespite this increase in available’Allower charged base cations
can still be donmiant in soil solution due to the stronger affinity ofuaient AF* for cation
exchange sites. However, wh&BS drops to about 15%0%, release of Af into solution
increases significantly (Reuss alwhnsorl985in Reuss and Walthall 1990) and®*Abecomes
a major component of soil solution and leachate.

Increases in bioavailable Rlcan cause stress and growth loss in plants, as well as high
inputs of AP* into surface waters (with related toxicity impacts). Reduced plant giswatiinly
due to educechutrient availabilityor imbalancesAl®* interference with base cation uptake, and
reduced fine root growth froml3* toxicity (e.g., Rengel992; Ouimet and Camiré 1995;
Godbold et al. 2003;awrence et al. 2005; de Wit et al. 2010). Impacts ofeéased Ahnd
decreased Cavailability on the health of red spruce and sugar maaler(saccharumhave
been particularly welladcumented (e.g., DeHayes etE)99; Schaberg et al. 2006; Huggett et
al. 2007; Ouimet et al. 2008; Long et al. 2009; Boyce et al. 2013).

The 15% BS thresholde | ow whi chr éadsd’'umooaauumr st @9O%)onan
is well established in the literatui@dDriscoll et al.(2001) suggest 20% BS as a general value

for assessing chemical recovery from acid deposifRasults from Whitfield et al. (2006) and

a



Keys et al. 2016 suggest that many forest soils in Nova Scotia are currently below one or both
of these thresholds. Maver, the range i# BS values calculated from historic soil survey
reports also suggest that not all soils have been equally impacted from acid deposition across the
province (Tablel.1l). Variation in% BS valuesshown in Table 1.likely reflect differences in
acid deposition levels, buffering capacity, sampling year, natural variability, and limited sample
size.

Although all base cations are affected by acid depletion and harvesting, it is Ca that has

been the focus of most concern and related rese@arcirtheastern forests. This is due to:

1 ThedominantCa faction in soilscomparedo other bases (e.g., Lawrence et al. 1999),

1 Thedocumented widespread lossCa(e.g., Likens et al. 1998; Watmough and Dillon
2003; Bedison and Johnson 2010),

1 Theimportanceof Cain overall forest ecosystem heatltooth terrestrial and aquatic
(e.g.,Schaberg et al. 200Houle et al. 2006),

1 Theimportanceof Cain commercial tree productivity and health (e.g., DeHayes et al.
1999; Huggett et al. 2007), and

1 Thesignificantpotential for adde@€aloss through commercial harvesting compared to
other bases (e.g., Federer et al. 1989; Adams et al. 2000).

In contrast, impacts of Mg and K depletion are mainly associated with overall increases
in acidity (i.e., reduceélo BS) and potential nutrient imbalances, but less commonly with
outright limitations (e.g., Ouimet ar@amiré1995). This is somewhat in contrast to European

forests where Mg deficiencies have more often been implicated in forest declines (e.g.,
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Tomlinson1990).Results of forest nutrient budget assessments in Nova Scotia generally support
northeastern trends, with Ca and N estimated to be the main potential limiting nutrients, K
occasionally a nutrient of concern, and Mg of little concern with respesetall limitations

(seeChapter 2.

Calcium Depletion and Climate Change

There are many potential impacts of climate change on forest health and productivity,
both positive and negative. Campbell et al. (2009) discuss several of these in relation to
northeastern forests. Broadly speaking, the most pertinent with respect depasition base

cation depletionandforestnutrientmanagemerdre:

changes in atmosphearbon dioxide €O;) concentrations,
changes in growing season length,

changes in species composition,

changes in soil weathering and nitrification potential,

changes in precipitation patterns and leaching potential, and

= =2 =4 A4 A -2

changes in soil organic matter contents and distribution.

Changes in atmospheric GOoncentrations and growing season lendthhanced tree

growth from increased available €é@nd longer gromg seasons could be a positive impact of
climate changeBoisvenue and RunnirZp06) For example, growing degree days are predicted
to increase significantly over most of Nova Scotia in the next 50 yBatsdque et al2008.
However, for growth gains to be realized, trees also require adequate moisture and nutrients.
Even if moisture is not limiting, widesprebdse cation depletion couldstrictpotential

growth due to limiting nutrient stores and Al interference witbebzation uptakd-urthermore,



carbon(C) resources may be shifted more to root production than to aboveground biomass to
offset damage caused by Al toxicity (Lapenis et al. 2013). If trees are being stressed by low
nutrient or moisture conditions, longgrowing seasons may only serve to increase these
stresses, along with associated vulnerabilities to insect and disease attacks, frost damage, etc

Changes in species compositi@iimate change is expected to promote major tree

species shifts inortheastern forests as habitat and competitive conditions chidogarf et al.

2009). It is suggested that hardwood cover will increase overall at the expense of softwood
cover, with species like balsam f&kljies balsameaand sprucedRicea spp beingparticularly
impacted (Mohan et al. 2009; CCFM 2009). Notwithstanding other climate change influences on
soil fertility, changes in species distribution will directly impact nutrient budgets and depletion
trends through differences in canopy interceptenels, rooting patterns, nutrient demands,
biomass concentrations, and litter production characteristics (amount, timing, and quality).

In Nova Scotia, species habitat suitability modelling under current and projected climate
scenarios clearly show thetpatial for decreased softwood and increased hardwood cover
across the province (Bourque et al. 2008). However, how these potential shifts manifest
themselves will depend on several factors including site conditions, disturbance patterns, and
management ipacts (Steenberg et al. 2011 and 2013). For example, Steenberg et al. (2013)
discuss how red spruce presence may be significantly decreased by the combined impacts of
climate change and harvesting versus climate change-abbnesult of increased compete
advantage of pogtarvest successional species like red majder rubrun) and trembling
aspen Populus tremuloidgaunder climate change conditions. Soil nutrient status will also play
an important role with respect to climate change impacts ostfooger(e.g., LaFleur et al.

2010), but has yet to be fully integrated into forest management and climate change modelling in



the province. For example, in the red spruce scenario described above, projected impacts could
be exacerbated by stresses asgediwithbase cation depletion

Changes in soil weathering potential and nitrification ratd&athering is the main

source of new base cation inputs in soils. Along with parent material characteristics, potential
inputs are directly related to weatimg rates as influenced by soil temperature and moisture
conditions.Although climate change is expected to lead to warmer average temperatures which
would promote weathering, the impact on precipitation (and related soil moisture) may be quite
variable,adding tg or subtracting fromthe positive temperature influenc@ne of the main
areas of concern with respect to base cation budgets (and Ca in particular) is the potential for soil
weathering to offset losses caused by depletion and harveastivege Ca is the main limiting
nutrient, weathering responses related to changing climate conditions could be a key issue for
predicting future forest growth (Campbell et al. 2009).

In addition to weathering rate impacts, climate induced changes in téorpeaad
moisture regimes could result in increased rates of N nitrification in some forest soils, especially
where C:N ratios have been lowered by increased N deposition. Nitrification can even occur in
low pH soils when there is excess Nigresent (Abeet al. 1989). This increase in NO
production could lead to additional base cation leaching if this mobile anion is not taken up by
plants and microbes. Leaching potential is also related to the timing and intensity of precipitation
events (as discusseelow).

Changes in precipitation patterns and leaching poten@dimate change is expected to

result in significant changes to forest watershed hydrology in northeastern North America
(Campbell et al. 2009). Expected changes includendreased wirmr precipitation(much of it

falling as rain), (ii) educed snowpack and shortened snow season, and (iii) increased likelihood
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and severity of damaging rainstorfisumhoff et al. 2007)A potential ramification of these
changes is increased leaching of base cationdl@3doutside of the growing season (when

uptake demands are low) and/or during storm events. There is also concern that more frequent
soil freezing events (associated witkv snowpack cover) could cause root damage and further
leaching losses (Groffman et al. 201204 leaching may also be enhanced by increased
“watershed wetness” (Mitchell and Likens 2011

a concern fobase cation budgets under future climate conditions (Huntington et al. 2009).

Changes in soil organic matteAssuming adequate moisture contents, soil organic

matter decomposition rates should be enhanced with the increase in average air temperatures
predcted with climate change. Increased mineralization could, at least in part, provide the
nutrients needed to realize potential growth gains associated with enhanceanCéntrations

and longer growing seasons. However, these potential inputs are not new sources of nutrients,
only cycled inputs subject to potential loss through leaching and/or future harvesting. As such,
their release and availability may only tempdyamask or delay productivity problems

associated withase cation depleticamd longterm nutrient deficits.

Organic matter in acidic forest soils is present in a variety of forms and size fractions
(Reuss and Walthall 1990). Of particular interestsaiesolution organic acids and colloidal
material associated with piependent CEC (Reuss and Walthall 1990; Johnson 2002). In
coarset extured forest soils (i.e., clay content
effective CEC and is the nmasource of exchange sites in these soils (Johnson 200&)d H
chemistryareintimately tied to the reactive organic matter fraction in acidic forest @ass et
al. 2008) so any impacts of climate change on soil organic matter contents anditicstrikill

certainly impact nutrient status of these soils, especially coaxtered soils that are already the
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most sensitive tteaching Also, given the fundamental connection between organic matter
dynamics and soil organisms, decomposition andiloiigion will also depend on soil flora and
fauna responses to changing soil temperature and moisture regimes (as influenced by pH and N

dynamics).

Calcium-Based Soil Amendments

Given the well documented impacts of acid deposkiath harvesting ohase cation
nutrient stores (as possibly exacerbated by climate chahgederhaps surprising that there has
beenlittle to no use of soil amendments to mitigate the effects of increased acidigsend
cation depletionn northeastern forest soilsltAough there have been scattered watershed
liming treatments conducted to offset stream acidity (e.g., Smabidgle1993; Clair and
Hindar 2005) and various research trials aimed at assessing Ca and/or lime amendment impacts
on forest ecosystems (nbtg in the Hubbard Brook Experimental Forest in New Hampshire),
these have not resulted in any widespread or routine use of soil amendments in the region
(Moore et al. 2015)This isdespite recognition of thgotentialfor liming amendments to
improve foest soil conditiongTomlinson199Q Lawrence et al. 2016

Lime has been used in some European countries since the 1980s to mitigate the impacts
of acidic deposition (e.g., Tomlinsd®90; Nilsson et al. 2001), and there is increasing use of
wood ash iMNordic countries to help offset the impacts of biomass harvesting and acidic
deposition on longerm site productivity (e.g., Levin and Eriksson 2010). In addition to nutrient
management , use of wood ash in t htewiagwoardy est s
biomass for energy, and provides an environmensaliynd enelise for this waste product. Use

of wood ash in Canada is also being investigated as a potential soil amendment to offset nutrient
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losses. In a recent trial in Ontario, Pugliesale(2014) found ash amendments to be of overall
benefit with little negative impact on soil chemical or biological processes. However, they also
indicated that ash properties (and therefore appropriate application rates) were variable and
dependent onasirce supply.

Despite the potential for lime or wood ash amendments to offset soil acidibaaed
cation depletionthere can be negative impacts if these amendments are improperly used. For
example, when application rates are too high: (i) microbmakefauna, and ground vegetation
communities can be significantly altered; (ii) organic matter decomposition rates can be greatly
accelerated; and (iii) N©production can be increased beyond ecosystem demands leading to
increased leaching (Kreutz&9%; Pitman2006). As isusually the case in forestry, these risks
are soil and/or siteype specific. In addition, treatment responses can be highly variable, as
recently discussed by Reid and Watmough (2014) in theiaanalysis of liming and wood ash
treatment effects. These authors found that, in general, soil pH andJfal@mncentrations were
more responsive to liming treatments, whereas tree growtbods® were more responsive to
ash treatments. However, there were also a significant number of studies assessed where neither
treatment resulted in any significant response, or where response varied by site conditions.

Papermill sludge and municipaldsiolids (sewage sludge) have also been used as forest
soil amendments in some jurisdictiondatysik et al. 2001)Papermill sludge can be a
significant source of bascations (e.g., Evanylo et aD04), but its potential use is limited by
source locatiomnd the type of pulping process used wiatflectssludge chemistry (Scott and
Smith 1995). In addition, this material often has a very high C:N ratio which can negatively
impact posttreatment decomposition aitdavailability (Matysik et al. 2001)Municpal

biosolids that meet regulatory standards for land applicatemainly a source of N and
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phosphorousR) (Cogger et al. 2006), unless they have been alkaigatedn which case they
are considerethore ofa liming amendmer®USEPA 2000)

Alkaline treatment involves mixing biosolids wiétm alkaline material such as cement
kiln dust (CKD) togenerateoH levels unfavorabléor pathogergrowth Class A biosolids
requirements (no detectable pathogens) can be achieved when the pH of theisnixture
maintained at or above 12 for at least 72 hours, with a temperaturé ©frbaintained for at
least 12 hours during @time (USEPA 2000)Although alkalinetreatedbiosolids(ATB) are
routinely used in agriculture, their use in northeastern forest9een minimal to date (Banaitis
et al. 2009)Appropriate use of ATB could, however, offset nutrient deficiencies and base
saturation declines caused by acid deposition and foaesesting while also providing asther
enduse for thisvastestreamproduct. It also represents a potentially untapped mark&tTar
which could be of economic and social bendifiitial routine use of soil amendments like ATB
in northeasterforestswould seem most appropriate in plantatsites where nutrient demands

are the greatest and amendment application the easiest.

OBJECTIVES
To quantify the potential need for liming amendments in Nova Stayatsoils and to
evaluate the potential for using ATB to offset current or predictede@aitsin intensively

managed plantation sites research project was initiated with the following objectives:

1 Assess current condition and letggm nutrient sustainability of a range of spruce

plantation soils/sites in central Nova Scotia.
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1 Comprehensively assess #ifectsof surfaceapplied ATB on soils and vegetation in

two representative white sprudei¢ea glauca plantations.

1 Further evaluate ATB as a potential liming amendment by comparing nutrient and metal
ion dynamics in ATB, limeandfly ash amended soils under controlled greenhouse

conditions.

The bulk of this thesis (Chapters 2 to 6) is comprised of one published and four draft
manuscripts. Chapter 2 describes a nutrient budget model developed for Nova Scotia along with
field work conducted to assess current soil and site conditions in 25 spruce plantations. Data
collected were used to model loteym sustainability of plantation management regimes and to
identify site types most in need Ghamendments. Chapters 3 tdéscribe results of two field
trials where ATB was surfaapplied under white spruce plantations in central Nova Scotia.
Experimental design, forest floor responses, and surface soil ion flux responses are described and
discussed in Chapter 3, followed thgcussion of mineral soil and leachate chemistry responses
(Chapter 4) and vegetation responses (Chapter 5). Chapter 6 describes a greenhouse trial where
ATB, lime, andfly ash were applied to uniform soil samples collected from field trial sites to
assaes and compare amendment related ion fluxes ovemee#R period. The last chapter

(Chapter 7presents summaigonclusionsand recommendations for future work
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Figure 1.1. Estimated total S@missions for the United States and Canada by decade (from
Smith et al. 2011).
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Figure 1.2. Wet deposition of naeasalt SQ% in 1990 (A) and 2010 (Bfpr the United States
and eastern Canada (from CCME 2013).

17



B

Figure 13. Wetdeposition of N@ in 1990 @A) and 2010B) for the United States and eastern
Canada (from CCME 2013).
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Figure 14. Critical loadexceedance@xpressed as mole equivalents) the Maritime Provinces
based on 2002 deposition data (ed fial). In this context, gtical load is defined as the level of
exposure t@cidicsulphur (S) and nitrogen (N) compounds below which no harmful effects are
known to occurPositive numbers represent exceedance while negative numbers represent non
exceedance (froNEG-ECP 2007.
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Table 1.1. Percent base saturati@®BS) range for 10 dominant soil series found in Nova Scotia
as calculated from available data in soil survey reports (foragoicultural soils)Values do not

include Na and are based on effective GEférence values.

Soil Series BS% # of Profiles
Gibraltar 311 3
Halifax 2-6 4
Queens 4-59 10
Thom 3-42 7
Bridgewater 39 6
Millbrook 6-24 5
Wolfville 5-24 4
Shulie 3-44 5
Westbrook 3-29 6
Cobequid 8-17 3
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CHAPTER 2
A SIMPLE GEOSPATIAL NUTRIENT BUDGET MODEL FOR ASSESSING FOREST

HARVEST SUSTAINABILITY ACROSS NOVA SCOTIA, CANADA *

Kevin Keys*, Joshua D.Noseworthy’, JaeQgilvie®, David L. Burton®, and Paul A.Arp ¢
NovaScotia Department of Natural Resources; Truro, Nova Scotia
bFaculty of Forestry and Environmental Management, UNB; Fredericton, New Brunswick

‘Email address for questions on model developnaptt @unb.ca

dEmail address for questions on model case skelyn.keys@novascotia.ca
*Department of Environmental Sciences, Agricultural Campus, Dalhousie University; Truro,

Nova Scotia

*Paper published i©pen Journabf Forestry 2016, 6, 428144.
(http://dx.doi.org/10.4236/0jf.2016.65083

ABSTRACT

A geospatial GlSinked spreadsheet model (Nutrient Budget Medilova Scotia: NBMNS)
was developed for Nova Scotia to assess thetiemg sustainability of forestarvest scenarios
as constrained by primary nutrient inputs and outputs due to atmospheric deposition, soil
weathering, and leaching. Harvest scenarios refer tedesered standspecific removal rates of
bolewood, bark, branches, and folidgesed on current or projected forest inventories. These
scenarios are evaluated within the context of existing data layers for current climate (mean
annual precipitation and air temperatures), atmospheric deposition (N, S, Ca, Mg, K), and

soil/substrate tyes, supplemented by speeggecific lookup tables containing expected
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biomass fractions and nutrient concentrations. paerintroduces thisnodelto assess relative
site quality and limiting nutrients for red spruce and sugar maple across Nowa $hiiis
followed by an output comparison involving 25 spruce plantations whereby-N8M
determinations derived using “default” soi
plantationspecific soil dataModel output shows that (i) Ca and N @he main growth limiting
nutrients across Nova Scotia, (ii) currently projected plantation yields are generally not
sustainable on sitasmderlainby slowly weathering soils, (iii) current soil base cation contents
are generally lower than what is repadria historic soil survey reports, and (iv) model results
are expected to vary within the context of changing climate, acid deposition levels, and data

accuracy.

KEYWORDS
Forest Nutrition Management, Biomass Harvesting, Sustainable Forest Managemeait, Fore

Plantation Management

INTRODUCTION

Although sustainable forest management can be defined in many ways, sustainability of
forest harvesting is ultimately dependent onatailability of growthlimiting nutrients (Agren,
1985;Sverdrup and RoselP98. Harvesting and acid depletitead tonutrient losses from a
site, thereby reducing soil/site nutrient pools (Tew et al. 1986). If these exports exceed primary
nutrient inputs, then repeated harvesting coupled with soil acidification stress wouldebtedxp
to cause nutrient deficiencies (de Vries et al. 1995; Oja and Arp 1996) leading to declines in

forest health and productivity (Ouimet et al. 2001). Although the potential for productivity
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decline is usually associated with forest biomass or winedéeharvesting (e.g., Thiffault et al.
2011), nutrient deficiencies are also possible with more conventionabstgrharvesting if
harvest demands are high or sites are nutrient poor.

In simple nutrient budget terms, demand refers to nutrients removedafsite through
forest harvesting and acid depletion, whereas supply refers to nutrient inputs from atmospheric
deposition and soil weathering (Moay2€i00). A sustainable balance is achieved when demand
is less than or equal to supply in the contexd obmplete harvest rotation; i.e., all nutrients lost
through harvesting and depletion need to be replenished before the next rotation comes into
effect. In this regardofest nutrient budgets can vary widely across landscapes based on
differences in climte, atmospheric deposition, soil type, and vegetation(Baeger and
Turpault1999).

Allometric relationships using traditional forest inventory data can be used to calculate
harvestbased nutrient removals in considerable detail. This includes tgpsietiespecific
nutrient removals by bolewood, bark, branch, and foliage biomass compartments (e.g., Freedman
et al.1985; Arthur et al.1999). Atmospheric deposition, soil acidification, and weathering inputs
can be estimated with regional survey detsisnd maps (e.g\rp et al.2001; Ouimet et al.
2006; Nasr et ak010) Finally, necessary soil data can be acquired from general surveys or site
specific assessments.

This paperdescribes a regional nutrient budget model (NRSI) developed for Nova
Scotia, Canada that can be used (i) to estimate and map landscape atel/staanomary
nutrient supplies in relation to modelled atmospheric deposition and soil weathering rates, and
(i) to relate these supplies to potential harvest demands from current or projected stand

inventory data, with or without imposing acid rain induced soil acidification. This is followed by
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a case study showing how NBNIS was used to assdbg longtermnutrientsustainability of
25 spruce plantations across several soil and site types in central Nova Scotia within the context

of currently available provinewide data layers for climate, atmospheric deposition, and soils.

METHODS
Model Development

NBM-NS is a geospatial, Githked spreadsheet model that focusses on linking major
nutrient and acid loading drivers, namely calcium (Ca), magnesium (Mg), potassium (K),
nitrogen (N), and sulphur (S), to forest growth in terms of per hectare per yeasbioma
accumulations. Only primary nutrient inputs and outputs are considered. Secondary nutrient
cycling processes, while important, are assumed to only resuléemporalredistribution of
nutrients within forest stands. Potential nutrient losses fronodipi§ires are also not considered
because fires in actively managedestsare generally suppresseathile impacts of historic fires
are, in part, reflected by current site/soil conditidriee following geospatial databases were

used for NBMNS input al ArcMap processing:

1 Total mean annual atmospheric deposition coverage layers for S and N, and wet
atmospheric deposition coverage layers for Ca, Mg, and K were obtained from the
National Atmospheric Chemistry Database and Analysis System (NATChem),
Meteaological Service of Canada (Ro and Vet 2002; 58 fesolution). Base cation
layers were adjusted for total deposition using a series of wet:dry deposition ratios
generated by way of a watershed study for southwestern Nova Scotia {886niYanni
et al.2000).
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1 Climatedata coverages for mean annual precipitation rates and air temperature were
obtained from Environment Canada's National Climate Archive (Canadian Daily Climate
Data, 20042008; 10 krd resolution; AAFC2009).

1 Provincialforest inventorystand coverage was obtained from the Nova Scotia
Department of Natural Resources.

1 ProvincialSoil Survey Reports and Maps were obtained from the Canadian Soil
Information System (CanSIS) database from Agriculture andPapds Canada

(http://sis.agr.gca/cansis/publications/surveys/ns/index.html).

Soil parameters within NBMNS include: (i) percent clay (% Clay); (ii) percent organic
matter (% OM); (iii) percent coarse fragments (% CF); (iv) bulk density (Db); (v) potential
rooting depth (Depth); (vi) peent base saturation (% BS); (vii) percent total nitrogen (% N);
(viii) effective (unbuffered) cation exchange capacity (CEC); (ix) Ca, Mg, and K fractions on
cation exchange sites; and (x) total cation exchange sites (CES). All these data were compiled o
calculated for each soil series across Nova Scotia using available soil survey data (Apa¢ndix
and/or derived pedtransfer functions (Nosewortt3011). Predicted data were then reviewed
and adjusted, as needed, to match criteria in soil seriespdiesty and trends observed from
approximately 00 soil pits assessed for the Nova Scotia Forest Ecosystem Classification
(FEC) project (Neily et aR013). For example, predicted % Clay could not be outside the range
defined for the solil series, and Istépth needed to be within the range found in related FEC
plots. Final *“default” soil wvalues were then

mapped across the province.
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Soil weathering rates in NBMIS are estimated using the Clay Content method

(Sverdrup et al1990; de Vries et al. 1992)adjusted for Db, % CF, and % OMwhich

calculates the total rate of base cation Weatherﬁ'@ge) within a soil matrix as follows:

0 GgassX o QM

O o 5
BCY. _DbDeptfﬁloo&msm 88200 19 Foo

whereDb is the soil bulk density (g ci), Depthis the soil rooting space depth (cr@F is the
soil coarse fragment content (98)js the Arrhenius prexponential factor (3600 J mbtC*;
Sverdrupet al.1990), the constant 273 is the conversion from ded@tetsus to Kelvin, 2.6 is a
reference temperature for northern climates (°C) (de Vries 198jis the mean annual air

temperature (°C), andM is the soil organic matter content (%).

ClassXrefers to soil texture dependent parent material clasghging estimations (de

Vries 1991) calculated as:

Classl=56.7 Clay -0.32Clay,

Class2=500 +53.6Clay -0.18Clay,
Class3=500 +59.2Clay,

Class4 =1500 +59.2Clay,

whereClay refers to average % Clay.

Classl represents acidic substrates such as those comprised of sand, gravel, and glacial

tills high in acidic rock (granite, quartzite, noalcareous sandstones, et€lass2 represents
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intermediate substrates such as marine sediments; medium to finedeyaaial tills derived

from slates, shales, and mudstones; and medium to coarse textured tills containing less acidic
rock than Class Llass3 represents more basic substrates such as gabbro and basalt dominated
glacial tills, along with nutrierénriched alluvium deposit€lass4 represents calcareous

substrates such as limestone, gypsum, calcareous sedimentary deposits, and related tills. All soil
series polygons were assigned one of these substrate classes based on their parent material
attributes.

All compiled and derived data layers were geospatially aligned and intersected with
provincial forest inventory maps, using ArcMap procedures, to create a spatial ecounit layer that
informs about mean annual atmospheric deposition rates (precipitatdnCs, Mg, K), air
temperature, tree species composition, soil conditions, and weathering rates for each mapped
forest stand. Continuous raster data (deposition and temperature) were averaged for each ecounit.
Where ecounits were associated with more tiransoil series polygon, ecounit values were
areaweighted by soil polygon composition.

Harvestable biomas$/(1ar) compartments are calculated per stand (MY haing an

ovendry wooddensity correct formulation:

gD, V.) Bolewoogd +
\ :é?Divi) Bark +
e i:lg(Di ) Branch +
gD, V) Foliage

where subscriptdenotes each tree species in the stand¥sgpresents specispecific stem

densities taken from Gonzalez (199@)is the total merchantable volume of each species in the
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stand (mha?), andBolewood, Bark, BranctandFoliage derpte the Lambert et al. (2005)

generated biomass fractions, each prorated to stem biomass as follows:

Compartment biomass / Stem biomaggsexp [Bi In(DBH)]

whereDBH,; refers todiameterat breast height (tree afferagebasal area), andiAnd B are

species and compartmespecific biomass proration numbers (Apper2i’x Noseworthy 2011).

Nutrient losses due to harvestingHares), expressed in eq Haare calculated from:

g(Di V| ) (Stem[ &Iewood]. ) + g
. dD V) (Bark [ %)) 306
arvest: : ﬂl X ©
H % E:(Dl i ) (BranCh [ >granch]i )+ l:" -
é u
g(Di \/I ) ( F0||39$ gx:oliage ,é E

whereX refers to one of four nutrien{€a, Mg, K, N),[Xi] refers to biomass nutrient fraction,

and the subscrig/eqdenotes the equivalent weight of elemérfCa = 20, Mg = 12.2, K =

39.1, N =14; g €d). Listed in Appendix2.2, by selected tree species, are (i) edard
bolewooddensities, (ii) stertbased A and B biomass proration coefficients by tree compartment,
and (iii) biomass N, Ca, Mg, and K concentrations per biomass compartment.

Total uptake of base catiorB@p) and nitrogenNup) for each forest site were calculated

from:

BCup = (Cans + Mgus + Kns) / AgeandNyp = Nus/ Age,
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where the subscripiS denotes usedetermined harvest scenarios (i.e., pheportionof
bolewood, barkbranch and foliage removed) ar&eis the average stand age (years). All
uptake equatios are expressed in eqha ™.

Nutrient deficiencies refer to the difference between nutrient inputs (atmospheric
deposition and weathering) and nutrient outputs due to harvesting. A positive value (gain)
indicates a sustainable harveste,while a regative value (deficit) indicates an unsustainable
harvest rate (assuming repeated harvests under the same harvest scenario and stand/site
conditions).For nitrogen, potential gains or deficits are estimated :fidy®1= Ngep- Nup. FOr
base cations, potential gains or deficits are estinfedetXget= Xdep+ Xwe - Xup, With X referring
to Ca, Mg, or K. All gains or deficits are expressed in etyina.

In terms of base and acid cation leaching due to the combination of atmospher

deposition and vegetative uptake, it follows that:

BCe= BCdep+ BCwel BCup,

with subscriptslep we up andle referring to atmospheric deposition, soil weathering, uptake by
vegetation, and leaching, respectively. All terms are expressed in‘ggha
The base cation leaching rate for upland forest soils was estimated from the law of mass

action and charge conservation given by:

_CES- BC+ BBC, + D
exen BC- @ AG -X

K
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whereKexchis the cation exchange ratio (set at 10 in order to reflect the adsqpienence of
mineral soil surfaces for HndAl®* over adsorption ofompetingoase catins— NEG-ECP

2001; Nasr et aR010),CESrefers to the sum of soil cation exchange sites (&9 B is the

sum of exchangeable soil base cations (ef) ha #h& anhual exchange of acid to base cations
(leaching or accumulation) that shifts base saturation from the current&3ate the final state

(BS). BCeandACe are thebaseand acid cation leaching rates, witllie denoting H and AF*

ions given ly:
1 CES- BC
ACIe = Sdep+ Ndep - Nup e p: K BC BQe'

exch

andSiepdenoting atmospheric S deposition. For soils Wi@e: andBCle << BC, one obtains:

100 BS- BS)
BS BS ( K.,-1 400 B$

ES(;e1

with BSandBS as % base saturations whgax  (i.e., Burrent base saturaticamd whempx =

0 (i.e., final base saturationyith BS = 100 BC/CE&nd:

100
AC./BC,’

BS =
> 1+K

exch
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Sustainability of a harvest scenario is determined by way of the Spileebe) Law of
the Minimum(van der Ploeg et al. 1999)his is related to (i) harvest deficiencies alone or (ii) in

combination with acidnduced base cation depletion estimates:

min éN Export , CaExport’ Mg Export’ K Export, O , g
e def def def def

min &Nyt Calicers MYt er K ap et O
wheremi n [séldcts the growthmiting nutrientfor each stand. Each harvest scenario is
considered sustainable when minimum values as evaluated above are greaenatidan
sustainable harvest rate (expressed as sustainable mean annual ine®asdfbl-in m® hat
yrof solid wood) is then derivdohasedon (i) the annual input of the most limiting nutrient, (ii)
the massveighted nutrient concentration per harvested biomass, and (iii) tree species

composition.

Case Study

For the plantation survey (25 spruce plantations, FigureTable2.1), soils were
sampled during fall2012 from three representative locations in each plantation based on visual
assessment of ground conditions (distance between plots was about 100 m or more). Pits were
shovelexcavated and samples collected at two depthsdapnately 615 cm and 3815 cm) for
chemical and texture analysis. A soil corer was used to collect bulk density samples at these
same depths. Visual estimates of potential soil rooting depth and coarse fragment volume were

also recorded for each pit.
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Sal samples were analyzed individually for chemistry &tz and were pooled by
plantation and depth for texture analysis. All chemical analysescarried out by Analytical
Services, Nova Scotia Department of Agriculture using standdrduse proceduse(i) Mehlich
3 extraction followed by ICP analysis for base cations, (ii) LECO combustion for N, (iipiess
ignition at 450 °C for 1 hour fé& OM, and (iv) summation of base cations and exchangeable
acidity for% BS and CEC. Clay content (hydrometesgtirod) and Db analyses (CF corrected)
were carried out at Dalhousie University Agricultural Campus in Truro, NS. Chemical data were
expressed on an area basis using meafdvdukfore calculating final average values for each

plantation soil.

RESULTS and DISCUSSION
Model Projections across Nova Scotia

Total atmospheric deposition maps for S, N, Ca, Mg, aadekhown in Figure 2. N
and S depositioffollow a westeast gradient (high to low) directly related to inputs from the
northeast United States. Base cation trends are more variable, with Ca deposition being highest
along the northwest (Bay of Fundy) coast and northern Cape Breton Island, and lomg#talo
Atlantic coast and central mainland. Deposition patterns for Mg and K are relatively the same
with the lowest levels found in north central parts of the province, increasing eastward into Cape
Breton and (to a lesser extent) along the southwest. ¢agare2.3 presents a range of default
soil data determined or derived from provincial soil survey reports (% clagsb6n
weatherability class), or based on more recent forest soil assessments (soil d&&pthTBese

maps show the range of soilnmhtions across Nova Scotia that influence site productivity.
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To compare relative site productivity across the province based on default soil data,
atmospheric deposition, and weathering inputs (without the confounding influence of variable
tree cover), NBI-NS was run assuming all stands had the same species and stocking levels. One
run assume@0-yearold red spruceRicea rubenswith gdbhof 20 cm and 60% stocking with
an average merchantable volume of 2&hat (Figure2.4). Theresulting estimatef®r
sustainable mean annual increment (SusMAI) values ranged from less than 3.0 to more than 8.0
m?® ha' yr(Figure2.4). These values were mainly driven by soil characteristics and substrate
type, with the lowest values associated with very coarsecd€lithss 1), shallow soils; and the
highest with deeper, medium to fitextured (Class 2 and higher) soils. SusMAI values were
also modified by atmospheric deposition, especially where N was calculated to be the growth
limiting nutrient. For example, @stated red spruce SusMAI on Gibraltar soil (a vazhined,
coarsetextured, Class 1 soil limited by Ca) only ranged from 5.2 to 5.Bahyr?, whereas
values on Queens soil (an imperfectly drained -fex¢ured Class 2 soil limited by N) ranged
from 7.3 to 9.0 M ha yr.

Another run assuming uniform crepsovince coverage @0-yearold sugar mapleAcer
saccharumwith gdbhof 22 cm, 60% stocking, and average merchantable volume of 218'm
resulted in estimated SusMAI values ranging from feas 1.0 to more than 3.5°ma? yrt
(Figure2.4). Note As a rule of thumb, hardwood MAI in Nova Scotia is about half that of
softwood on the same site due to differences in growth form and basal area capacity (NSDLF
1990; McGrath 2011). Estimated SuBMrends for sugar maple and red spruce mainly differ by
growthlimiting nutrient, with Ca being more growth limiting for sugar maple than for red spruce

(Figure2.5) because of higher Ca demands (Appeld). Thestrip of K-limited area along the
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northwest (Bay of Fundy) coast was mainly associated with shallow Rossway soils on thin

glacial till deposits over basalt bedrock.

Plantation survey

A summary of measured plantation soil data is presented in Z2blEntries are based
on pooled plantation data, not individual samples, and provide insight into the similarities and
differences between various soil series. For example, Halifax and Cobequid soils are derived
from gravelly, sandy loam tills, but are difentiated by rock type, archence- by mineralogy
(MacDougall et al. 1963; Webb et al. 1991). In contrast, Queens soils are derived from non
gravelly, loam to clay loam till (Webb et al. 1991). Sampling results within these soils were
variable, with Mgand K fraction data havingpnsistentlyhigh coefficient of variation values
(21-68%).

Table2.3 reports on fieleletermined and corresponding NBNS default soil data for
the surveyed plantations. In all cases, fidédermined values for % BS and % Nrevéower
than corresponding default data, with relative decreases ranging¥vémto-82% (% BS) and
-19% to-71% (% N). These differences would, at least in part, be due to the agricultural bias of
early soil surveys in Nova Scotia. In addition, Novatfcsoils were subject to acid raiaused
soil acidification over several decades prior to the systematic US and Gaitiedaductions in
SO emissions since 2000 (Whitfield et al. 2006). The low fadtermined % BS values found
were similar to thoseeported by Whitfield et al. (2006). Fiettetermined CEC values were also
generally lower than default values (ran§8% to +21%). Trends in CEC were, however,

poorly correlated with changes in % Clay and % OM. This could, in part, be due to small sample
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size and appreciable scatter between fildtermined and modelled CEC values (Meyer et al.
1994).

Differences between default and actual base cation (Ca, Mg, K) fractions showed variable
trends (range fronrb8% to +221%), with fieldletermined values gerally greater than default
values. Simultaneous increases in Ca, Mg, and K fractions would be due to the assigned
fractional value given to Na in NBMIS. The approximate weathering fraction reported by
Whitfield et al. 006) for Na is 0.30. As can berted from Table2.3, actual Na fractions from
sampled soils ranged from 0.09 to 0.19, i.e., in agreement with Yanni et al. (2000) who found
exchangeable Na to be generally low in western Nova Scotia despite high rates of atmospheric
Na deposition (a cordérable portion of exchangeable™N&thought to be lost through Cl
leaching).

For the remaining parameters, differences between default and actual values for % Clay
(-32% to +36%), % CFB83% to +125%), Db-10% to +25%), Depth-{3% to + 10%), and pH
(-6% to +2%) showed no clear trends; and although-tielérmined % OM values were higher
for all soils (+5% to +113%), absolute differences only varied from 0.4% to 2n3§éneral,
differences between siapecific and survey derived default valueswtidoeexpected.

Nevertheless, differences so accruing can affect N\BB/output. Henceaysingsite-specific data
is important for verifying and improving NBMIS modelled results.

A summary of NBMNS output using default and mean plantation soil data,hegetith
projected plantation growth data, is presented in TaldléHarvesting Onlyjosses) and Table
2.5 (Harvesting + Depletioh All harvesting assumed 100% removabktédm woodand bark

with 0% removal of branches and foliage (i.e., a very effi@entzentional steronly harvesting
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processed at the stump). A summary of plantation regime sustainability by model configuration
is given in Table.6.

The MAI Diff. entries in Table2.4 and2.5 were used to compare model calculated
SusMAI with merchantald mean annual increment (MMAI) by projected management regime.
NegativeMAI Diff. values indicate that the projected (or desired) yields over the long term
(several rotations with same yield expectations) cannot be sustained without increased nutrient
inputs or reduced harvest expectations. When MAI Diff. is positive, projected yields are
predicted to be nutrient sustainable over the long term under current atmospheric deposition
conditions. In both cases, growth limiting nutrient(s), i.e., those thatraomStusMAI, are listed

in order of importance. Several points arise from Tabl{ .6:

1 Based on comparisons with NBMS output, approximately ¥ to ¥2 of the assessed

plantation sites have nesustainable MMAI yield expectations.

1 Best MAl-sustainability outcomes are obtained by enabling NB$Idepletion functions
and using sitespecific soil data. This occurs when #gnACe/BCe specifiedBS value
is larger than the fieldeterminedBSvalue. In this case, base cation depleti
calculations generate a positive result whereby d88idetermined leaching of base
cations can be taken up by vegetation while still maintaining current BS value. However,
soil quality, tree health, and rooting vigour must be considered as welligsassion

below).
1 Plantations with noisustainable MMAI values are mainly associated with low soill
weathering classes (especially Class 1) and/or tree species with high nutrient demands

(e.g., Norway spruce Picea abiek

1 Caand N are the most commomwth limiting nutrients.
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To better understand how s#pecific soil data and model configuration influences
NBM-NS output, a sample plantation with a range of output is examined in further detail (Table
2.7). Entries in this table refer to default and-sipecific soil data for Plantation 19 (white
spruceunderlain by Perch Lake soil), and to tieanges in predicted SusMAI by adjusting each
individual soil parameter for thidarvest OnlyandHarvest + Depletiorscenarios. As shown, the
largest single impact on SusMAI under tharvest Onlyscenario (+53%) comes from the 71%
increase in Ca fraction above its default value (Ca being the growth limiting nutrient at this site,
Table2.4). The 25% increase in claysalhas a positive impact on SusMAI (+17%), but this
would—in part—be compensated by default differences in soil depth and density. Overall, using
plantation versus default data as NBWS input leads to an estimated 60% SushM#ilease (to
4.6 n? hat yrY). This increase, however, is still not sufficient to match the projected (or desired)
MMAI of 5.6 m® ha! yr! (Table2.4).

Under theHarvest + Depletiorscenario, SusMAI may be greater or smaller than what is
estimated by harvest deficiency alone hwitable2.7 suggesting an increase in SusMAI towards
6.1 n? ha' yr'. Highest SusMAI expectations via NBBIS are obtained when all available base
cations obtained through weathering and atmospheric deposition are taken up by vegetation.
This, however, wold allow for no replenishment of depleted base cations on CE®%aoduld
theoretically drop to zero while tree growth and fine root vigour would be substantially impaired
by way of increased At concentrations (Driscoll et al. 2001; Duarte e@all3. Therefore,
when % BS levels are low, it is even more important to monitor base cation removals from
harvesting so as not to exacerbate the problem by way of increased MMAI expectations. Cronan

and Grigal (1995) sugge$5% BS as a threshob®low which* al umi num str ess ocC

forest soilsand Driscoll et al. (2001) suggest 2@% as a general value for assessing soill
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recovery from already incurred acid deposition impacts. Any %dh$ can be directly
assigned within NBIWN'S, so sustainable harveates can be based on these threshold values
rather than using current or default valueghe case of Plantation 19, assign#dS values of
15% and 20% resulted in estimated SusMAI values of 8 Fahyrtand 2.9 Mhat yr
respectively (using w&-specificdata for other variables). Both of these values are below the
projected (or desired) MMAI of 5.6 tina® yrfor this site, as well as the SusMAI value of 4.6

m?® ha' yr! obtained when considering harvesting deficiencies alone.

NBM-NS Assumgpions and Limitations

Based on its design, NBMS can only evaluate a single site condition and harvest
scenario combination over time. As such, this model does not accommodate changing cover
types or multiple interventions over time within a single model Other site productivity
components such as potential ground disturbance and climate change impacts also need to be
considered. In addition, NBMIS does not account for-fikation, or for seepage effects on
nutrient budgets in lovying locations. Whié longterm nutrient sustainability across forest sites
can be addressed, current input data regyire sitespecific corrections. For exampléa has
long been considered a nutrient of concern in eastern North America (Freedman d;al. 198
Federer eal. 1989; Adams et al. 2000; Huntingtd®05; Campbell et al. 2009), and this is
supported by NBMNS output which identifies Ca as the most frequent growth limiting element
in addition to N. As suggested above, loss of Ca (and other base cations) frdesd#czcid
deposition has probably contributed to the lovB%values found in plantation soils compared

to values derived from historic soil surveys.
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With Ca recognized as a common limiting nutrient in eastern forest soils (Huntington
2005), it is impaotant to accurately model soil weathering rates. Whitigldl. 006) showed
weathering rates estimated via the Clay Content method to be comparable to those obtained
using more elaborate methodsr¢onium Depletion and PROFILE model) for five Nova deot
sites with very low clay contents (30 eq ha yr?). These values are generally lower than
those generated by NBMS for this study (Tabl2.8), but plantation soils had higher clay
contents and/or a higher substrate weatherability class thandhsods assessed by Whitfield et
al. (2006). The range in estimated weathering input shown in 2&b{@96967 eq ha yr?) is
in keeping with values compiled by Ouimet and Duchesne (2005) for other northeastern sites.
This confluence of results inciees overall confidence over and above any single estimate
(Futter et al. 2012), and justifies the use of the more easily applied Clay Content method within
NBM-NS.

The main problem in using the Clay Content method comes from appropriately assigning
soil/aubstrate weathering classes. For the NRBl case study, Halifax, Perch Lake, Queens,
Millbrook, Bridgewater, and Diligence soils were easily assigned a weathering class, but
Cobequid andhomsoils requiredClass 1to Class 2intermediate assignments. ltdire,
weathering rates could also be impacted by clinradaced changes in soil temperature and
moisture regimes, wittohger growing seasons potentially enhancing not onlysssthering,
but also base cation uptake during the growing season andabaseleaching outside the
growing season (Oja and Arp 1996; Campbell et al. 2009; Huntington et al. 2009).

NBM-NS can be used as both a landscape planning tool (using default data) and a stand
level planning tool (using skspecific soil data). This sy suggests, however, that care must be

taken when using old soil survey data to initialize nutrient budget models such ablSBM
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Nova Scotia is one of the few provinces in Canada that has essentially all of its area covered by
soil surveys, but the accutated database may not be reflective of current forest soil conditions,
as apparent from the case study change towards lower % BS values. The model is, however,
easily updated as new soil data become available.
Atmospheric deposition data used in NBW6 can also be updated when available. For
this paper we used the 2002 atmospheric deposition maps for S, N, Ca, Mg and K from
Environment Canaddlo wever , according to Canada’s NATCh
depaition, the Canadian Air and Precipitation Monitoring Network (CAPMoN) stations at
Kejimkujik National Park (Latitude 44:26:0, Longitude 65:12:21 and Jackson (Acadia: Latitude

45:35:35, Longitude 63:50:30) suggest the following volumegghted trends:

{ asteady decline for S@ deposition since 1985 with S©deposition = 49.60.0244
(1983 + number of years)?R 0.75;

1 a more scattered decline pattern forNOdeposition, with N@ deposition = 29.5
0.0145 (1983 + number of yearsy, R0.54;

 afairly steady deposition rate for NHat 0.15 mg/L (R= 0.0003), and

f aslightincrease for Gg Mg, andKcombi ned a’t0®4)pueq/ L (R

These trends imply a general reductiomimospheri@acid deposition, whick in turn—
would reduce soil acidity, increase soil base saturation, but lower the aofaumailable soil N.

As aresult, N rather than Ca and K could become more growth limiting.
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Management Implications

Although differences isite quality and species suitability are well understood by forest
managers, it is often assumed that increased yields predicted through intensive management are
sustainable on any given site. This perception is likely due to (i) theilnegrames associated
with forest management, including plantation management, (ii) the relatively short history of
intensive forest management in Canada, (iii) gradual rather than abrupt changes in growth
limiting factors, and (iv) the lack of effectiteols to evaluate forest nutrient sustainability.

Although not perfect, models like NBMS (combined with necessary GIS data) allow
forest managers to better evaluate planned management regimes with respect to regional and
local nutrient inputs, and to rkaadjustments to accommodate predictable nutrient deficits. For
example, species selection, percent removals, and rotation lengths can all be adjusted to varying
degrees to reduce the amount and timing of nutrient outputs and related shortfalls. Insssne c
as in intensive plantation management, soil amendments could also be applied to offset nutrient
losses from harvesting and continued soil leaching.

Although recent NATChem data shows that acid deposition across Nova Scotia has
decreased, the probleand legacy of base cation depletisistill a concern in northeastern
forests (e.g., Driscoll et al. 2001; Watmowf)05; Johnson et al. 2008; Warby et al. 2009). Also,
while decreasing N inputs can potentially reduce cation leaching where N is naotgjrtitilso
means less available N for sites that arkiiited, thereby potentially reducing potential

productivity on these sites.
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CONCLUSIONS
This paper describes a geospatial, -Gi&ed nutrient budget model (NBMS) that can

be used to:

1 predict long term sustainability of forest harvesting regimes in relation to primary
nutrient input and output estimates;

1 estimate sustainable mean annual increment (SusMAI) values for individual stands or
sites by determining limiting nutrient levels;dan

1 develop nutrienbased site quality assessments based on soil/substrate characteristics and

atmospheric deposition data.

Although specifically designed for use in Nova Scotia, a similar model could be
developed for any region assuming necessary datvail@ble. When used to assess the
sustainability of 25 sample spruce plantations, NRBI predicted nutrient declines for several
sites, suggesting the need to adjust {ergn yield expectations and/or management regimes for
these site types.

It is reconmended that nutrient budget assessments (such as provided bBNEBM
become an integral component of sustainable forest management planning, especially when
considering intensive management regimes or biomass harvesting for energy. Nutrient
assessmentseaeven more important in areas that have been impacted btielongcid
deposition since harvest removals can exacerbate declines in base cation levels (especially Ca) in
affected soils. In doing so, it is important to ensure that model input is astacgpassible,

since budget estimates are directly related to soil/site conditions.
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Figure2.1. Case study plantation locations in central Nova Scotia, also showing the NATChem
database locations for the CAPMon atmospheric depostion monitoring stttibegmkujik
National Park and Jackson.

43



S
deposition
equivalents

equivalents
[ 110
. 50

deposition #
equivalents

™ 60
i 20

deposition
equivalents

e
g

N
deposition
equivalents

260
190

ro

50 100 . 200km

Figure2.2. Estimatedvet deposition rates for sulphd®SQ:*), magnesium (Mg), calcium
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Chemistry Databasand Analysis System (NATChem) dataset.
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assigned soil substrate weatherability classes for Nova Scotia. Maps do not include water or
organic soil. Note: SbP6 BS estimates are based on current available data, not historic soil
survey data.
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Figure2 4. Predictegustainable mean annual increment (MAI) across Nova Scotia generated by
the NBM-NS model assuming default soil conditions and uniform red spruceaftopugar

maple (bottom) cover.
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Figure2.5. Map showing predicted range of growth limiting nutriesxtsoss Nova Scotia under
(A) uniform red spruce cover and (B) uniform sugar maple cover. Orange = calcium (Ca),
Yellow = nitrogen (N), Brown = potassium (K).
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Table2.1. Summary of samplezbils and plantations.

Soil series Plantations Spruce species Agzeyrri?ge
Bridgewater 2 whiteblack 7-16
Cobequid 4 whiteblackfed 8-21
Halifax 4 white/black 6-18
Millbrook 4 white/black 5-12
Perch Lake 3 white/Norway 5-16
Queens 4 whiteblack/Norway 6-28
Thom 3 whitefred 7-12
Diligence 1 white 4-8

White spruce (Picea glauc, black spruce Picea mariang, red spruce Picea rubeny,
Norway spruce Picea abiek
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Table2.2. Summary of measured plantation soil attributes.

Soil Series | Statistic | % Clay | %OM | % cF | , PP | Bepth | o g | Ca Mg- K- PH 1 0N (%ll::ngl
(g cnTd) (cm) Fraction | Fraction | Fraction | (H20) + kg
Halifax Mean 8 5.1 32 1.06 55 4.7 0.54 0.15 0.12 4.8 0.17 7.8
(SWGC1) Stdev. 4 1.2 9 0.13 7 2.3 0.14 0.05 0.03 0.1 0.02 1.3
CV(%) 46 23 27 13 13 49 26 35 22 2 11 17
Queens Mean 23 2.2 11 151 37 15.7 0.53 0.27 0.11 4.7 0.09 7.4
(SWGC2) Stdev. 2 0.2 6 0.01 2 6.9 0.13 0.06 0.07 0.1 0.01 1.1
CV(%) 8 10 50 1 6 44 24 22 68 2 10 15
Cobequid Mean 11 6.3 29 1.05 54 4.6 0.54 0.15 0.15 4.7 0.19 9
(SWG2) Stdev. 3 1.2 3 0.11 17 0.8 0.07 0.05 0.04 0.2 0.03 1
CV(%) 25 19 12 10 31 17 13 32 27 4 18 11
Millbrook Mean 26 3.4 23 1.32 40 9.3 0.6 0.15 0.14 4.6 0.13 7.3
(SWGC2) Stdev. 4 0.8 1 0.09 3 3.2 0.04 0.05 0.05 0.1 0.03 0.6
CV(%) 14 22 5 6 7 35 7 34 32 2 24 9
Thom Mean 16 49 34 1.09 53 4.9 0.59 0.14 0.14 4.7 0.16 7.9
(SWG2) Stdev. 5 0.7 12 0.13 7 14 0.19 0.05 0.08 0 0.01 0.9
CV(%) 33 14 35 12 13 28 32 38 60 0 7 11
Perch Lake| Mean 15 4.9 30 1.11 52 6.4 0.58 0.12 0.14 4.7 0.17 7.3
(SWC1) Stdev. 3 0.7 6 0.08 11 2.2 0.24 0.07 0.08 0.1 0.02 0.2
CV(%) 20 14 21 8 21 34 41 59 61 1 13 3
Bridgewater| Mean 14 5.2 35 1.13 48 4.4 0.44 0.2 0.17 4.8 0.18 6.7
(SWGC2) Stdev. 5 0.3 15 0.04 9 0.6 0.01 0.05 0.04 0.1 0.03 0.5
CV(%) 34 5 42 3 20 14 2 27 21 2 14 7
Diligence Mean 34 4.3 13 1.3 35 6.3 0.4 0.27 0.23 45 0.13 9.2
(SWGC2) Stdev. na na na na na na na na na na na na
CV(%) na na na na na na na na na na na na

*SWC =assignedSoil Weatherability Class
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Table2.3. Comparison ooil survey derived (Default) and measured (Plantation) soil attributes.

CEC
Soil Series S%itrie % Clay | %OM | % CF (0 Igrt')r@) D(gr%t)h % BS Fr;:cetlion Frg/lc?ion Fralf:tion (I-Fi)l-(i)) %N JECIES cil)
Halifax Default 12 45 30 1.10 50 15.0 0.44 0.21 0.05 4.8 0.58 9.5
(SWCG1) | Plantation 8 5.1 32 1.06 55 4.7 0.54 0.15 0.12 4.8 0.17 7.8

% Diff. -32 14 7 -4 10 -69 21 -32 166 1 -71 -18

Queens Default 25 1.5 5 1.50 40 25.0 0.44 0.12 0.14 4.9 0.27 10.9
(SWG2) | Plantation| 23 2.2 11 1.51 37 15.7 0.53 0.27 0.11 4.7 0.09 7.4
% Diff. -10 47 125 1 -9 -37 22 117 -25 -4 -67 -33

Cobequid | Default 15 5.0 35 1.10 55 25.0 0.52 0.12 0.06 4.8 0.24 8.4
(SWG2) | Plantation| 11 6.3 29 1.05 54 4.6 0.54 0.15 0.15 4.7 0.19 9.0
% Diff. -23 26 -16 -4 -2 -82 4 26 135 -2 -19 8

Millbrook | Default 20 3.0 15 1.40 40 20.0 0.49 0.15 0.06 4.5 0.29 17.7
(SWG2) | Plantation| 26 3.4 23 1.32 40 9.3 0.60 0.15 0.14 4.6 0.13 7.3
% Diff. 32 14 51 -6 -1 -54 22 0 156 2 -56 -59

Thom Default 12 35 30 1.20 50 20.0 0.51 0.06 0.13 4.7 0.40 19.0
(SWG2) | Plantation| 16 4.9 34 1.09 53 4.9 0.59 0.14 0.14 4.7 0.16 7.9
% Diff. 36 41 15 -10 7 -75 16 144 5 -1 -59 -58

Perch Lake| Default 12 45 35 1.20 60 20.0 0.34 0.29 0.07 5.0 0.24 6.1
(SWG1) | Plantation| 15 4.9 30 1.11 52 6.4 0.58 0.12 0.14 4.7 0.17 7.3
% Diff. 21 9 -14 -8 -13 -68 70 -58 89 -6 -28 21

Bridgewater| Default 15 5.0 20 0.90 55 15.0 0.50 0.14 0.06 5.0 0.25 10.3
(SWG2) | Plantation| 14 5.2 35 1.13 48 4.4 0.44 0.20 0.17 4.8 0.18 6.7
% Diff. -7 5 73 25 -12 -70 -13 46 193 -4 -29 -35

Diligence | Literature 30 2.0 20 1.50 35 15.0 0.43 0.20 0.07 4.5 0.28 21.2
(SWG2) | Plantation| 34 4.3 13 1.30 35 6.3 0.40 0.27 0.23 4.5 0.13 9.2
% Diff. 12 113 -33 -13 0 -58 -8 37 221 -1 -54 -56

*SWC =assignedSoil Weatherability Class



Table2.4. NBM-NS output for sampled plantatiorglarvesting Only losses.

NBM Output - Default Data

NBM Output - Plantation Data

Projected
Plantation | Soil Series | Species| MMAI SusMAI MAI Limiting | SusMAl MAI Limiting
(mha'yr™®) | (mehattyr) (mgﬁyr{) Nutrients | (m*ha'yr?) (mgﬂy}.l) Nutrients

1 Bridgewater bS 7.8 6.4 -1.3 Ca/K 5.0 -2.8 Ca
2 Bridgewater| wS 7.3 6.0 -1.3 Ca/K 4.6 -2.7 Ca
3 Cobequid rs 7.9 9.2 1.3 N 9.2 1.3 N

4 Cobequid wS 5.5 6.0 0.5 Ca 5.4 -0.1 Ca
5 Cobequid wS 5.6 6.1 0.5 Ca 55 -0.1 Ca
6 Cobequid bS 5.7 6.6 0.9 Ca 6.0 0.3 Ca
7 Halifax wS 7.3 3.0 -4.3 Ca/K 2.7 -4.6 Ca/K
8 Halifax wS 7.3 3.0 -4.3 Ca/K 2.6 -4.7 Ca/K
9 Halifax bS 7.8 3.2 -4.6 Ca/K 2.8 -4.9 Ca/K
10 Halifax wS 7.3 3.0 -4.3 Ca/K 2.7 -4.7 Ca/K
11 Thom wS 7.3 7.7 0.4 N 6.9 -04 Ca
12 Millbrook bS 7.8 8.0 0.3 N 8.0 0.3 N
13 Millbrook bS 7.8 8.2 0.4 N 8.2 0.4 N
14 Millbrook wS 7.3 7.7 0.3 N 7.7 0.3 N
15 Thom wS 5.6 7.8 2.2 N 6.9 1.4 Ca
16 Millbrook wS 7.3 7.7 0.4 N 7.7 0.4 N
17 Perch Lake NS 8.8 2.8 -5.9 Ca/N/K 4.6 -4.2 Ca/N
18 Perch Lake wS 7.1 2.9 -4.3 Ca/K 4.6 -2.5 Ca
19 Perch Lake wS 5.6 29 -2.7 Ca 4.6 -1.0 N/Ca
20 Queens NS 10.4 7.7 -2.7 N/Ca 7.7 -2.7 N
21 Queens wS 7.3 7.8 0.5 N 7.8 0.5 N
22 Queens wS 7.1 8.1 0.9 N 8.1 0.9 N
23 Queens bS 7.6 8.5 0.8 N 8.5 0.8 N
24 Diligence wS 7.3 5.8 -1.5 Ca 7.7 0.4 N
25 Thom rsS 8.0 8.3 0.3 N 8.3 0.3 N

* bS = black spruce, wS = white spruce, rS = red spruce, NS = Norway Spruce.
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Table2.5. NBM-NS output for sampled plantatiorsHarvesting + Depletion.

NBM Output - Default Data

NBM Output - Plantation Data

Projected
Plantation | Soil Series | Species| MMAI SusMAI | MAI Diff. | Limiting | SusMAI MA' Limiting
(mha'yr®) | (mehatyr?) | (mehalyr®) | Nutrients | (mhalyr?) 3D ".T 4 | Nutrients
(m*hatyr)

1 Bridgewater| bS 7.8 7.2 -0.5 Ca 7.8 0.1 Ca
2 Bridgewater| wS 7.3 6.8 -0.5 Ca 7.3 0.0 Ca
3 Cobequid rS 7.9 9.2 1.3 N 9.2 1.3 N
4 Cobequid wS 55 5.8 0.4 Ca 7.5 2.0 N
5 Cobequid wS 5.6 55 -0.1 Ca 8.1 25 N
6 Cobequid bS 5.7 5.9 0.2 Ca 9.0 3.3 N
7 Halifax wS 7.3 14 -5.9 Ca/K 3.0 -4.3 Ca/K
8 Halifax wS 7.3 1.3 -6.0 Ca/K 2.8 -4.4 Ca/K
9 Halifax bS 7.8 1.4 -6.3 Ca/K 3.1 -4.6 Ca/K
10 Halifax wS 7.3 1.4 -6.0 Ca/K 2.9 -4.4 Ca/K
11 Thom wS 7.3 7.7 0.4 N 7.7 0.4 N
12 Millbrook bS 7.8 8.0 0.3 N 8.0 0.3 N
13 Millbrook bS 7.8 8.2 0.4 N 8.2 0.4 N
14 Millbrook wS 7.3 7.7 0.3 N 7.7 0.3 N
15 Thom wS 5.6 7.8 2.2 N 7.8 2.2 N
16 Millbrook wS 7.3 7.7 0.4 N 7.7 0.4 N
17 Perch Lake| NS 8.8 1.3 -7.5 Ca/N/K 5.6 -3.2 Ca/N
18 Perch Lake| wS 7.1 15 -5.6 Ca/K 5.9 -1.3 Ca
19 Perch Lake| wS 5.6 1.8 -3.8 Ca/K 6.1 0.5 Ca
20 Queens NS 10.4 7.7 -2.7 N 7.7 2.7 N
21 Queens wS 7.3 7.8 0.5 N 7.8 0.5 N
22 Queens wS 7.1 8.1 0.9 N 8.1 0.9 N
23 Queens bS 7.6 8.5 0.8 N 8.5 0.8 N
24 Diligence wS 7.3 5.5 -1.8 Ca 7.7 0.4 N
25 Thom rS 8.0 8.3 0.3 N 8.3 0.3 N

* bS = black spruce, wS = white spruce, rS = red spruce, NS = Norway Spruce.
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Table2.6. Number of plantations with predicted SusMAI less than projected MMAI by model

configuration.

NBM-NS Configuration

Plantations with
Predicted SusMAI <
Projected MMAI

Default soil data with Harvest Only losses 11 (44%)
Plantation soil data with Harvest Only lossg 13 (52%)
Default soil data with Harvest + Depletion 12 (48%)
Plantation soil data with Harvest + Depletig 7 (28%)

Table2.7. NBM-NS output for Plantatioi9 showing changes in SusMAI for each change in

soil parameter. Predicted SusMAI with all parameters adjusted is also listed for reference

purposes.
' SusMAI (m2 hat yr-t) SusMAI (m® halyrY)
Parameter Soil Data Harvest Only Harvest + Depletion
. % . % : %
Default| Plantation Diff. Default [ Plantation Diff. Default [ Plantation Diff.
Depth (cm) 60 52 -13 2.9 2.6 -10 1.8 1.2 -33
% Clay 12 15 25 2.9 3.4 17 1.8 2.8 54
% CF 35 30 -14 2.9 3 6 1.8 2.1 19
Db (g cnt®) 1.2 1.11 -7 2.9 2.7 -6 1.8 15 -18
% OM 4.5 4.9 9 2.9 2.9 0 1.8 1.8 -1
% BS 20 6.4 -68 2.9 2.9 0 1.8 3.6 103
Ca Fraction 0.34 0.58 71 2.9 4.4 53 1.8 25 42
Mg Fraction 0.29 0.12 -58 29 2.9 0 1.8 1.8 0
K Fraction 0.07 0.14 89 2.9 2.9 0 1.8 1.8 0
All Parameters Adjusted: 2.9 4.6 | 60 | 1.8 6.1 243
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Table2.8. NBM-NS calculated soil weathering inputs based on the Clay Content method using

measured case study soil data.

Weather- Calculated Total | Estimated Ca| Estimated Estimated K
Soil Series ability Base Cation Input Input Mg Input Input
Class (eq hatyr?) (eqghatyr?t) | (eqhatyr?) | (eqhatyr?)
Halifax 1 196 105 28 23
Queens 2 967 515 256 103
Cobequid 2 480 259 73 71
Millbrook 2 836 503 129 118
Thom 2 568 336 78 80
Perch Lake 1 359 207 43 50
Bridgewater 2 494 216 100 85
Diligence 2 961 384 258 219
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Appendix2.1. Chronological order of Nova Scotia Soil Survey Reports.

Year Author Title Number* Scale
1943 Harlow and Whiteside  Soil Survey of the Annapolis Valley Fruit Growing Area DA Publication 752  1:63,360
1945 Whitesice et al. Soil Survey of Cumberland County, Nova Scotia NSSS Report No. 2 1:126,720
1948 Wicklund and Smith Soil Survey of Colchester County, Nova Scotia NSSS Report No. 3 1:126,720
1950 Cann and Wicklund Soil Survey of Pictou County, Nova Scotia NSSS Report No. 4 1:126,720
1954 Cann et al. Soil Survey of Hants County, Nova Scotia NSSS Report No. 5 1:126,720
1954 Cann and Hilchey Soil Survey of Antigonish County, Nova Scotia NSSS Report No. 6  1:126,720
1958 Cann and Hilchey Soil Survey of Luneburg County, Nova Scotia NSSS Report No. 7 1:63,360
1959 Cann and Hilchey Soil Survey of Queens County, Nova Scotia NSSS Report No. 8 1:63,360
1960 Cann et al. Soil Survey of Yarmouth County, Nova Scotia NSSS Report No. 9  1:63,360
1961 MacDougallet al. Soil Survey of Shelburne County, Nova Scotia NSSS Report No. 10 1:63,360
1962 Hilchey et al. Soil Survey of Digby County, Nova Scotia NSSS Report No. 11 1:63,360
1963 Cann et al. Soil Survey of Cape Breton Island, Nova Scotia NSSSReport No. 12 1:100,000
1963 MacDougall et al. Soil Survey of Halifax County, Nova Scotia NSSS Report No. 13 1:63,360
1964 Hilchey et al. Soil Survey of Guysborough County, Nova Scotia NSSS Report No. 14 1:63,360
1965 Cann et al. Soil Survey of King County, Nova Scotia NSSS Report No. 15 1:63,360
1969 MacDougall et al. Soil Survey of Annapolis County, Nova Scotia NSSS Report No. 16 1:63,360
1973 Nowland and MacDougalSoils of Cumberland County, Nova Scotia NSSS Report No. 17 1:63,360
1987 Langille Soils of the Kentville Research Station and Sheffield Farm NSSS Report No. 21 1:5,000
1988 Holmstrom Soils of the Cambridge Station Area of Nova Scotia NSSS Report No. 25 1:20,000
1989 Holmstrom and ThompsoB8oils of the Annapolis Valley Areaf Nova Scotia NSSS Report No. 22 1:20,000
1989 Webb et al. Soils of the Cobequid Shore Area of Nova Scotia NSSS Report No. 23 1:20,000
1989 Patterson and ThompsonSoils of the Northumberland Shore Area of Nova Scotia  NSSS Report No. 24 1:20,000
1990 Webb Soils of Pictou County, Nova Scotia NSSS Report No. 18 1:50,000
1991 Webb et al. Soils of Colchester County, Nova Scotia NSSS Report No. 19 1:50,000
1993 Langille et al. Supplement to Soils of the Annapolis Valley Area of

Nova Scotia NSSS Report No. 26 1:20,000
1995 Webb and Langille Soils of the Nappan Research Farm, Nova Scotia NSSS Report No. 20 1:5,000

Notes: Surveys from 1943973 were published by Canada Department of Agriculture

Surveys from 19871995 were published by Agriculture Canada
Canada Department of Agriculture (DA) Publication 752 is also recognized as Nova Sddiar#ey (NSSS) Report No. 1.



Appendix2.2. Bolewood density (Gonzalez 1990), stem to compartment biomass conversion
coefficients A and B (Noseworthy 2011), and biomass nutrient concentrations (Pardo et al. 2005)

for plantation anacommon tree species in Nova Scotia.

Bolewood .
. ) Biomass N Ca M K
Species (I?Jeg;ltg Compartment A B (mgkg?) (mgkg?l) (mg I?g'l) (mg kg?)
White/Norway 0.393 Bolewood 0.8174  0.0249 654 943 101 343
spruce Bark 0.2641 -0.2504 3,560 12,949 666 2,418
Branches 0.6443 -0.4703 3,750 5,851 514 2,503
Foliage 3.6451 -1.0856 10,526 10,532 919 5,247
Black spruce 0.445 Bolewood 0.8172 0.0248 630 874 138 342
Bark 0.2621 -0.2470 2,400 9,966 555 1,542
Branches 0.4762 -0.4060 2,592 3,996 430 1,352
Foliage 2.8232 -1.0756 8,372 7,045 893 4,238
Red spruce 0.425 Bolewood 0.8458 0.0172 640 690 96 220
Bark 0.1881 -0.1734 2,773 6,685 445 1,635
Branches 0.0043 1.0108 2,738 3,381 442 1,826
Foliage 0.0564 0.1571 10,187 4,084 970 5,446
Balsam fir 0.367 Bolewood 0.8257 0.0080 918 823 204 921
Bark 0.1778 -0.0466 4,616 7,394 636 2,566
Branches 0.1082 0.1456 3,919 3,812 505 2,569
Foliage 0.8350 -0.7255 12,746 7,497 806 4,222
White pine 0.365 Bolewood 0.8426  0.0085 780 516 101 324
Bark 0.1623 -0.0586 3,544 4,223 613 1,473
Branches 0.0473 0.3387 4,088 3,034 573 1,946
Foliage 0.2400 -0.3249 12,779 2,827 1,154 4,469
Sugar maple 0.702 Bolewood 0.7962 0.0328 976 1,301 198 691
Bark 0.3820 -0.3560 5,114 22,280 600 3,119
Branches 0.1998 0.0940 3,365 6,313 390 2,101
Foliage 0.2379 -0.5871 19,486 9,337 1,537 7,551
Red maple 0.586 Bolewood 0.8281 0.0226 885 1,121 204 803
Bark 0.2377 -0.2329 4,332 13,016 468 1,985
Branches 0.1429 0.1624 3,092 4,655 421 1,704
Foliage 0.4206 -0.8024 16,958 7,638 2,041 6,827
Yellow birch 0.649 Bolewood 0.9169 -0.0090 1,026 701 155 433
Bark 0.0911 0.0816 5,672 10,283 423 1,243
Branches 0.1447 0.2385 4,600 4,130 363 1,130
Foliage 0.5310 -0.7686 23,490 9,624 2,558 10,241
White birch 0.588 Bolewood 0.8234 0.0127 924 775 185 514
Bark 0.1875 -0.0846 3,639 6,846 413 1,201
Branches 0.1875 0.0633 3,913 4,413 533 1,594
Foliage 0.7582 -0.8548 19,165 7,222 2,247 8,645
Trembling aspen 0.424 Bolewood 0.7881 0.0136 1,298 2,239 343 1,119
Bark 0.2188 -0.0665 4,497 12,038 1,053 2,631
Branches 0.1042 0.0600 5,046 9,736 1,156 2,767
Foliage 0.3400 -0.8310 21,136 10,599 2,082 7,813
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ABSTRACT

Two field trials were established to evaluate the use of alktakated biosolids (ATB) to offset
current or predicte@a deficits in Nova Scotia forest soils under juvenile white spRiced
glaucg plantationsAt the rates applied (7.5 and 15 t*haet weight) ATB treatments led to
significant increases in total and available Ca within the forest floor and surface mineral soil,
significant increases in forest floor pH, significant or r&Egnificant decreases exchangeable
forest floor APF* concentrations, and negligible leaching of metals (Cu, Cd, Pb, Zn) faryibar
duration of study. Neasurface P®.*-P availabilitywas also slightly enhanced after an initial
delay period. However, despite relativelgth K concentrations in the ATB product used, there

were no significant increases in forest floor K concentrations, suggesting a relatively rapid
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release and movement of ko deeper soil layers compared to*Cahere were also no
significant increases iforest floor Mg concentrationspr in total and available NResults
suggesthatATB could be a good source of Ca in-{aited sites, but nutrient imbalances may

be a problem on sites where K and Mg depletion has also occurred or where N is also limiting.

KEYWORDS
Alkaline-TreatedBiosolids; SprucePlantations;ForestFloor Chemistry; lon ExposureBase

Cations

INTRODUCTION

Northeastern US and eastern Canadian forests havetfeead by decades of acid
deposition resulting in increased acidity, base cation depletion, and increased Al availability in
many affected soils/fatmoughand Ouimet 2005; Lawrence et al. 20IB)is has contributed to
an overall reduction in potential site productivity in mangas and an increased susceptibility
to further environmental stresses (Schaberg et al. 2001; Duarte et al. 2013). Although acid
deposition levels have decreased since adoption dfd@@Clean Air Amendmen{&)S), and
1991Air Quality Accord(US and CanadalCCME 2013), the overall recovery of forests from
decreased acid deposition has not progressed as quickly as hoped (e.g., Houle et\&@k2306;
et al. 2009 Lawrence et al. 2012). Indeed, some projections suggest it could take several decades
for many sitego recover naturally, due in part to (i) reduced acid neutralizing capacity in
impacted soils, (ii) desorption of $Othat can continue to promote base cation depletion, and
(i) potential leaching impacts related to ongoing3d\N@eposition (Driscoll eal. 2001).In

addition to acid deposition, timber harvesting can also contribute to a decline in base cation
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nutrients (especially Ca) through periodic removal of stem wood and bark (e.g., Freetialan
1986; Federer et al. 1989; Adams et al. 2000; tthgton 2005). Sustainable management in
northeastern forests must therefore consider the balance between nutrient outputs via acid
leaching and periodic harvesting, and nutrient inputs from soil weathering, atmospheric
deposition, and (potentially) appditon of soil amendmentsdeChapter 2.

Despite the well documented impacts of acid deposfgan,Driscoll et al., 2003;
Watmough and Ouimet, 2005, Fenn et al., 2006; Lawrence et al., 2012; and Duarte et al., 2013)
there has been little use of soil amendments to mitigate the effentseased acidity arohse
cation depletionn northeastern forest soils (Mooreagt2015). In contrast, lime has been used
in some European countries since the 1980s to mitigatengpacts of acid deposition (e.g.,
Tomlinson1990; Nilsson et al. 2001), with wood ash also being used to offset both acid
deposition and harvesting impacts (e.g., Levin and Eriksson 2010). In addition to lime and wood
ash, alkalindreated biosolids (ATBare also considered a liming amendment and nutrient
supplement, but their use in forests has been minimal to date (Banaitis et al. 2009).

Initial use of soil amendments in northeastern forests would seem most appropriate in
areas under intensive managemguch as plantations) where the goabiscrease fibre yields
over time through a combination of silvicukureatments and shorter rotation lengths. For
example, typical productivity in spruce plantations in Nova Scotia, Canada, is estimated to be
about 6 m ha' yr! which equates to a doubling of predicted harvest volume at peak mean
annual increment (approx. 30 tret) compared to extensively managed stand3NR
2011). However, based on outputs from a new ststatg nutrient budget model described by

Keys et al. (2016), many plantation sites in Nova Scotia may not be able to continuously meet
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desired yieldargets over time without the use of soil amendment, @& identified as a main
limiting nutrient(see Chapter 2)

To evaluate thepotential forATB to offset current or predicted Ca deficits in Nova
Scotia forest soils, two field trials were established to measure impacts of synfdied ATB
on white spuce Picea glauca plantation soils and vegetation. To our knowledge, this is the first
time ATB has been applied to conifer plantations in northeastern North America to assess its
potential role in plantation nutrient managem@iis chapter describesdid study design and
discusses ATB treatmeaffectson plantation forest floor chemistry and surface soil ion
exposureEffectson mineral soil chemistry, leachate chemistry, and vegetation are reported in

Chapters 4 and 5.

METHODS

An ATB productmanufactured by N/iro Systems Canada and trademarked as Halifax
Soil Amendment ™ wa seprodsict id categorized lag aClasstA biasglid T h
under Nova Scotia Department of Environment regulatio®E@®010) and is sold commercially
under an pproved fertilizer label. The patented\lNro process is known as Advanced Alkaline
Stabilization with Subsequent Accelerated Drying. In this process, an alkaline admixture (e.g.,
cement kiln dust) is added to dewatered biosolids, mixed, heated, andrtiisepgrocess
eliminates almost allagthogens found in the untreated slufd8EPA 2000gand produces an
agriculturegrade liming material and fertilizer.

Two 10-15yearold upland white spruce plantations were selected for independent field
trials incentral Nova Scotia, Canaff@gure 3.1) Sites were chosen to be broadly representative

of two dominant soil types in the province. Site 1 was moderately well to imperfectly drained
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and underlain by a shaly loam soil derived from slate till. Sit@a2well to rapidly drained and
underlain by a gravelly/cobbly sandy loam soil derived from granitic till. Both sites had
originally supported shae®elerant hardwood or mixedood stands that were converted to
spruce plantations after harvest.

Treatments copared at each site were a dimae surface application of 7.5 and 15 ttha
ATB (wet weight), referred to as low (L) and high (H) rates respectively, along with an untreated
control (C). Treatments were applied to Site S@ptembeR012 and to Site 2 idune, 2013,
with posttreatment measurements at both sites taken until November, 2014. Target application
rates were based on typical ATB product values for Ca (20%) and moisture content (33%) (N
Viro Systems Canada, pers. comm.) which corresponded ap@iaations of about,Q00 and
2,000 kg hat. These rates were in the same range as other Ca amendment studies conducted in
the past (e.g., Matzner et al. 1985; Long et al. 199Ce &1 al. 2006), as well as a moeeent
ATB forestry trial in Maine, UB (Banaitis et al. 2009)

Nine 40 m x 40 m plots were established at each location allowing for three replicates of
each treatment. Site conditions required different plot layouts at each location, with a Latin
square design employed at Site 1 atidesar plot design (with dispersion) employed at Site 2
(Figure3.2). Plots receiving ATB applications were divided into square quadrats measuring 3.7
m x 3.7 m in low rate plots and 2.6 m x 2.6 m in high rate plots with each quadrat receiving
approximately 10 & of ATB delivered in marked buckets. ATB treatments were applied
manually in each quadrat, including under crop trees, taking care to ensure a uniform
distribution.

Ca concentrations in ATB samples collected at both trial sites were in the expected 20%

range and relatively consistebgéfficient of variatior6-12%) (Table3.1). Most other elements
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also showed consistent concentratiareefficient of variatiorless than 10%), but some
variability in ATB batches was observed. Based on field assessments and quaktedy N
analysis data, ATB moisture content during application at both sites averaged about 38% rather
than the typical value of 33%. After adjustifoy moisture content and average Ca concentration,
estimated Ca application rates were 957 k§drad 1914 kg ha (Site 1), and 935 kg haand
1,870 kg hé (Site 2), for the low and high ATB rates respectively (T&ald. Due to analytical
problemscadmium Cd) andlead Pb) concentrations and calculated loading rates were
determined using average quarterly chemical analysis data obtained fvtrrm 8lystems
Canada (Tablg.1).

A systematic sampling scheme was used to assess soil and vegetatiogtgraran each
plot (Figure3.3). Since the focus of thishaptelis on forest floor chemistry and surface soil ion
exposure, only details related to these assessm@arenpsesented here. Prand postreatment
forest floor samples (combined F and H horizons) were collected in summer and late fall of each
year for chemical analysis. Samples consisted of pooledaubles from three systematically
located points in eaghiot (Figure3.3) providingone sample per plaindafinal sample size of
threefor each treatment. Samphlegre analyzed for pHotal calcium Ca), total magnesium
(Mg), total potassiumK), total phosphorousR), total nitrogen (), total suphur(S), total
carbon C), totaliron (Fe), total manganesayn), total zinc (Zn), andexchangeablaluminum
(AI3"). Al was onlyassessed in pteeatment and late fall samples.

lon exposure was assessed using MR8obes (Western Ag Innovations Inc.,
SaskatoonSK, Canada). A PRE (Plant Root Simulator) probe is an ion exchange membrane
encased in plastic that provides a dynamic measure of ion flux to a quantifiable surface area and

represents plamtutrient supply ratefr the duration of burial (Western Ag 20). Although
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more commonly used in agriculture, PRSrobes have also been used in forest soil

assessments (e.g., Harrison and Maynard 2013; Johnson et al. 2014). In this study, we refer to the
cumulative capture of ions by PRSprobes as a measure ohiexposure rather than flux since

probes were used yeesund and potential exposure levels reflected more than just plant nutrient
supply rates.

Eight sets of cation and anion probes were used in each plot with probes inserted at an
approximate angle df5 degrees until tops were flush with surface mineral soil immediately
below the forest floor. This resulted in probe membranes being centred around 10 cm from the
surface. Probes were installed just before plots were treated, wittrgeistent samplingaking
place approximately biveekly for the first six weeks after ATB application (to avoid
overloading the probes), then monthly for most of the remaining study period (when soils were
not frozen or snow covered). Burial duration was approximately tamtms per sampling period
for the last year of assessment. Probes were replaced after each sampling period to allow for
continuous monitoring (15 sampling events at Site 1 and 10 events at Site 2). All probes were
cleaned with deonized water shortly afteetrieval and shipped to Western Ag Innovations Inc.
for extraction and analysis. Probes were extracted in batches of four to give two average cation
(C&*, Mg?*, K*, NHs*-N, F&*, Mn?*, AlI®*, Cf*, CU/*, P, Zr?*) and anion (N@-N, SO2-S,

PQ:*-P) measurements per plot per assessment period. This equated to a sample size of six for
each ion for each treatment. Randomly selected hamies handled in the same manner as
others (except not deployed in the field) were also submitted for analysiseniodic basis to

check for potential contamination, with no contamination problems found.
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Sample Analysis and Statistical Procedures

Sample analysissmendmentCa, Mg, K, P, and metals were determined through nitric
acid digestion using a Microwave éalerated Reaction System (MARS) followed by AAS
analysis. Amendment pH and electrical conductivity (5:1 water) were measured using an ExStik
EC500 meter (Extech Instruments). Amendment and forest floor total C, N, and S were
measured using a LECO indugtiturnace. Forest floor exchangeablé*A¥as determined
through 1M KCI extraction followed by AAS analysis. Other forest floor elements were
determined through dry ashing (400 °C) followed by HCI digestiorcalud metric analysis (P
or AAS analysis (all other elementgprest floor pH was measured using 0.01 GaGlution
(1:1 ratio) and a benchtop meter. Combined PRSobeswere eluted with a counterion
solution (0.5 N HCI) for one hour followed by cdlmetric analysisNOs-N, NH4*-N) and ICP
analysis (all other elementgWWegern Ag 2010).

Data analysisAll response variables were analyzed as repeated measures using SAS
PROC MIXED (version 9.3, SAS Institute Inc.). Fixed factors and effects were treatment (C, L,
H), time (days since treatment), and treatmetiime interaction. Two blocking factors were
used for the Latin Square design at Site 1, andrpegment data were used as covariates in
forest floor analyses at both sites. Normality of error terms was assessed for each variable using
normal probability plot of residuals, and if violated, powansformations were used.
Transformations were mainly needed for cumulative ion exposure data which consistently
showed nomormal distributios. This was likely due toatural variation in background soil/site
conditions and weather patterns, as well agtian in ATB chemistry and pos$teatment
response Compound symmetry was the best covariance structure found for probe data

assessment and was used for all analyses. A combinattompbund symmetrgnd
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unstructured covariance structures were usetbfest floor data analyses. Significance of
model terms and multiple means comparisons for forest floor chemistry were assessed at alpha =
0.05. However, means comparisons for cumulative ion exposure were assessed at alpha = 0.01 to
reduce the possibiiitof Type lerror inflation from the large number of treatment combinations
and significant interactions found during data analyses. Plots of means were generated using
Minitab software version 17 (Minitab Inc.).

Due to differences in ATB chemical compiomn and application schedules, results from
each trial site were treated as independent. Differences and similarities noted between trials are
intended to highlight possibkffectsof ATB chemistry, soil conditions, and/or site variables on

treatment rgsonses.

RESULTS
Forest Floor Chemistry

Site T Significant treatment-time increases in forest floor total Ca (p = 0.000), pH (p =
0.004), and total Zn (p = 0.007) were found at Site 1 (TaBland Figure3.5). This led to
treatment versus control Ca ratios of 7.98 (high ATB rate) and 5.64 (low ATB rate) by the end of
2014 (Tabled.3). Similar enebof-trial ratios wered.01and0.02for H*, and 2.95 and 1.77 for Zn
(Table3.3). Associated with increased tote @nd pH was a neargnificant decrease in
exchangeable At (Table3.2), with endof-trial concentrations down by 786% in treated plots
versus controls (Tabl@3). Although substantial, these decreases were not statistically
significant due to high adrol plot variability and small sample size (Fig®8). Total forest

floor Mn also showed considerable variability in treated plots, terfdstgo decrease then
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increase over time versus the control (T&b8 Figure3.6). All other forest floor element
concentrations at Site 1 were not greatly affected by ATB treatments (Babkesd3.3).

Site 2 Significant treatment increases in forest floor total Ca (p = 0.002) and pH (p =
0.004) were found at Site 2, as well asarginally significant increase in total P (p = 0.033)
(Table3.2 and Figure3.6). This resulted in endf-trial treatment versus control Ca ratios of 6.84
(high rate) and 6.28 (low ratd),” ratios 0f0.01 (high rate) and.02(low rate) and P ratios of
1.16 (high rate) and 1.15 (low rate) (TaBI8). In contrast, exchangeable*Atiropped
significantly at Site 2 (p = 0.004, Tal8&) resulting in a 9B3% decrease under both treatment
levels by the end of 2014 (Tal8e3, Figure3.5). Unlike Site 1, tare was no significant increase
in total Zn at Site 2, but there was a nsignificant treatmenx-time response in total Mn (p =
0.074) (Table3.2), with concentrations clearly decreasing, then increasing, over time (Figure
3.5). Total Mg also showed aarsignificant treatmenrx-time response (p = 0.066) with
concentration ratios gradually increasing over time (Tah2and3.3). All other forest floor
element concentrations at Site 2 were not greatly affected by ATB treatments @2lled

3.3).

lon Exposure

Site T Due to site conditions;e and Mrprobedata from one control plot at Site 1 were
removed prior to analyses. Site 1 was moderately well to imperfectly drained which led to
occasional ponding in some mietdepressions after heavy raiand snow melt. Random probe
placement coincided with these intermittently ponded areas in one plot which led to increased
capture ofmobile F&* and Mrf* under anaerobic conditiotisat was unrelated to ATB

treatments.
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Significant responses in cumulative exposure were found for all ions in treated plots at
Site 1 except foNOz-N, Ccf*, and PB*, with highly significant responses (p < .001) found for
ca*, K*, PQ-P, NHs-N, SO42-S, AlI**, Fe*, and Mrf* (Table3.4). Exposure trends differed
by ion (Figures3.7 and3.8, Table3.5) with: (i) Ca* showing early and continuing increases in
capture rate related to ATB ra{é) Mg?* showing early increases in capture rate related to ATB
rate followed by gradually increasing capture rate in high rate plots only, {ishéing early
increases in capture rate related to ATB rate followed by steady accumulation for all plots, (iv)
PQ:*-P showing a delayed, but then sharp and continuous increase in capture rate over time
related to ATB rate, (v) NH-N showing increased accumulation in high rate plots followed by a
gradual decrease in capture rate over time, but no response in |plotatévi) SQ%-S
showing substantial early accumulation related to ATB rate followed by relatively steady capture
rates for all plots, (vii) A" showing an early increase in capture rate (especially in high rate
plots) with a gradual decrease in captrate over timeviii) Fe** showing early increased
capture in low rate plots, but decreased capture in high rate plots, followed by relatively steady
capture rates for all plotéxi) Mn?* showing substantial accumulation early on at both ATB
rates, btiwith more response in low rate plots, followed by decreasing capture rates over time,
(X) CU?* showing an early pulse accumulation in high rate plots with gradual decline in capture
rate, but no response in low rate plots, anjiZr** showing a delayed and gradual decrease in
capture rate for all treated plots over time, with a faster decrease in high rate plots

Site 2 Significant responses in cumulative exposueee found for all ions in treated
plots at Site 2 except ftdOs-N, CcP*, and Zi*, with highly significant responses (p < .001)
found for C&*, NH4*-N, SQ-S, Al**, and C@" (Table3.4). As with Site 1, exposure trends

differed by ion (Figure8.9 and3.10, Table3.6) with: (i) C&* showing early and continuing
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increases in capture rate related to ATB rate, (iifNgd K showing early increases in capture

rate related to ATB rate (especially fof)Kollowed by relatively steady accumulation for all

plots, (i) PQ*-P showing a delayed, but then continuouseéase in capture rate over time

related to ATB rate, (iv) NH-N showing an early increase in capture rate for high rate plots
followed by gradual decline, but no response in low rate plots, (¥J-S&howing substantial

early accumulation related £T'B rate followed by relatively steady capture rates for all plots,

(vi) Al®* showing an early increase in capture rate related to ATB rate with more gradual
increases over time, (vife** showing early and almost equal increaaedumulatiorat both

ATB rates, followed by relatively steady accumulation by all plots, (Miif* showing early

increases in capture rate related to ATB rate with gradual decreases over time (more pronounced
in high rate plots),ix) Cl?* showing stegike increases in capturate related to ATB rate, and

(X) PI* showing an early pulse increase in high rate plots followed by minor increases in capture

rate over time

DISCUSSION

Forest Floor Chemistry

Treatment related responses in forest floor Ca, pH, and Al at both sites were in line with
those reported faa young hardwood AB trial in Maine,USA (which included similar and
higher Ca application rates, Banaitis et al. 2@0%) a Norway sprucé{ceaabieg liming trial
in southern Germany (Kreutzer 1995). In both these cases, amendment Ca loading and exchange
led to higher C# concentrations, higher pH, and lowerAtoncentrations in forest floor
horizons after treatment. In addition, forest flpbt continued to increase in the Maine ATB

trial for about two years before starting to stabilize or decline (Banaitis et al. 2009). In this study,
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forest floor pH also started to show signs of leveling off after about two years at Site 1, but only
with the low rate treatment (FiguB4). A more detailed comparison of pH responses between
these trials is not possible, however, due to a lack of calcium carbonate equivalencetdata for
ATB batches used in this study.

Increases in forest floor Ca and pHsae 2 did not show the time interaction found at
Site 1 due to differences in treatment and assessment schedules between sites. Site 1 was treated
in September, 2012 with a sampling range of 58 to 805 days. Site 2 was treated in June of 2013
with a samplng range of 147 to 518 days. The shorter assessment period at Site 2, together with
later initial sampling and high variability in early measurements (Figéde probably masked
the time interaction shown at Site 1.

Forest floor Ca in treated plotscieased each year for the duration of study at both sites
(Figures3.4 and3.6) indicating ongoing supply from amendment breakdown. No data are
available on dissolution rates of surfagplied ATB in forests, but in the Norway spruce liming
trial describd by Kreutzer (1995)t took six years for a 4 t haapplication of dolomitic lime to
completely dissolve. Although ATB used in this study had Ca contents less than that found in
dolomitic limestone, application rates were higher, suggesting thereendlicbntinuous release
of Ca for several years at these sites, especially in high rate plots. It should be noted, however,
that Ca values shown in Figuse! are totalnot exchangeable) measures, and even though care
was taken to remove surface litter aredjetation prior to sampling of F and H horizons, it is
possible that some of the Ca increases found may be from small particles of unreacted ATB in
addition to increased exchangeablé'Csleiwes et al. 2002; Banaitis et al. 2009). This could
also be thease for forest floor Zn, but the significant increases in total Zn found only at Site 1

were likely related to higher Zn content in the Site 1 ATB batch used (almost 3x that found in the
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Site 2 batchfTable3.1). Increasing pH would also likely leaddoeater ZA" retention over time
in these organic horizons (Sirh986).

In a similar fashion, variation in forest flotmtal Mn (Figure3.5) can be attributed to
initial Ca loading causing loss of exchangedWe* (early decreasing trend), followed by ATB
breakdown and organic matter retention at higher pH values causing Mn accumulation (Sims
1986). This is also supported by trend$4n?* ion capture in surface mineral soils over time
(discussed below). Marginallignificant increases in forest floor total P at Site 2 were probably
related to relatively high P inputs in the amendment used (Bahleompared to background
levels. Although not significant, total forest floor P also increased in treated plots at(&able

3.3.

lon Exposure

PRSM-probes captured large quantities of ions at both sites over the duration of study,
especially C&, K*, andSQ:*-S (Figures3.7 and3.9). This reflected the chemical makp of
the ATB batches used (Tal8€l), as well as the need for electreutrality inaqueous solutions,
with SOy?-S acting as the dominant companion anio€#" and K. Significant Mg* exposure
was also detected, bMg?* was the least responsive of the base cations due to lower ATB
corcentrations (Tabl8.1) and greater affinity for exchange sites compard€'tdue to
variation in microtopography and related drainage patterns, use of the probes over winter, and
the slightly offvertical angle of insertion, it is likely that probes @eubject to a range of
diffusion and mass flow fluxes over the trial period. However, a comparison of maximum single

sample measures recorded during this study with estimated single probe capacitiestsatggest
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probe membranes were not saturated betwampling events and that most (if not &+, K™,
SQO?-S, andMg?* fluxes were captured (Tab®7).

Increasing forest floootal Ca andCa* capture in treated plots over time suggest a more
gradual and continuous releaseCat* compared td* which wasmoremobile after treatment.
Indeed, the lack of any significant difference in forest fkotal K between treated and control
plots (Table3.2) suggests an almost immediate losK bafter treatment which would also have
been promoted by thevamping of exchange sites with higher vale@e&. These trends are
generally supported by Banaitis et al. (2009) who reported significantly higher exchangeable
C&* concentrations, but lower exchangeakfeconcentrations, in the forest floor horizoris o
similarly treated plots in their ATB triaHowever, as indicated by significant increases found in
white spruce foliage K concentrations in treated plots (Chapter 5), at least some of this available
K* was taken up by vegetation before potentially legihe rooting zone. In contrast, there were
no significant increases in Mg concentrations found in either the fores(Tlable 3.2)or crop
tree foliage (Chapter 5). This reflected low amendment infalilé 3.}, but also the
competitive effects of iireased Ca and K concentrations since plant uptake of W¥ig
sensitive to cation competition (Ende and Evers 1997).

ATB treatments also led to delayed increases in avaiR®I&-P in surface mineral soils
at both sites (Figures7 and3.9). This wadikely due to higher pH alues and loss of Al
promoting increased P availability, as well as movement of colloidal P from forest floor horizons
(Bol et al. 2016). With increased pH and?Ceoncentrations, P immobilization can shift from
insoluble Al/Fephosphates to insoluble Ca phosphates, but based on forest floor data, pH did not
rise to the neaneutral levels generally associated with enhanced Ca phosphate formation

(Haynes 1982). When PR%probes are in the ground for longer time periods, capture
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nutrient ions represent surplus availabilities rather than total supplies (Western Ag 2010), so the
delay found inrPQy*-P capture may have been due to increased plant and microbial uptake soon
after ATB applications. This was supported by gosatmet sampling in 2012 which showed
significant increases in white spruce foliage P from high rate plots at Site 1 (Chapter 5).

With respect to N, data from both sites showed miniéTd treatment effectsn total
and available N. Compared to Ca, total N in the ATB amendment used was low3Talaled
previous studies, albeit under agricultural conditions, suggest only a small portion of this
mineralizes and becomes available after application (Pride281b). High ATB pH values
(mean 9.7 to 10.9, Tab®1) would also have promoted some volatilization loss of inorganic N
during processing and immediately after surface application (Jones et al. 2013). There were some
initial increases in Nkf-N with high ATB rates (especially at Site 2), but the main trend was a
general decrease MH4"-N exposure in high rate plots over time (Figusesand3.9, Tables3.5
and3.6). This was presumably a result of increased nitrification following increases in forest
floor pH. As with P, total inorganic N exposure in treated plots would be impacted by plant and
microbial uptake, but data from tree and ground vegetation foliage sampling showed little
increase in N concentrations at either site for the duration of §fildhpter 5), consistent with
an overall lack of ATBreatmenimpact on available N. Although Kreutzer (1995) reported
significant forest floor mineralization and N@roduction after liming a Norway spruce site,
Matzner et al. (1985) and Ingerslev (19€i) not, concluding that surfaeg@plied lime had little
impact on forest floor C and N stores. Little change to forest floor C and N in this study (Tables
3.2 and3.3) are in line with these latter resuN&riability in site response was also noted by
Reid and Watmough (2014) in their review of lime and wood ash treatment effects in forests,

suggesting amendment impacts on forest floor mineralizatemelated to ore than juspH.
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Patterns in A" exposure at both sites (Figui®8 and3.10) were inkeeping with those
found in forest floor horizons (Figu®5). The greatesil®* exposure at Site 1 was associated
with high rate plots shortly after treatment, whereas both treatment rates led to significant
increases i\ exposure at Site 2. In ansilar fashion Mn?* exposure increased immediately
after treatment at both sites, but started to decline due to increased retention associated with
increasing forest floor pH. This pattern was most evident at Site 1 (B@)rehere cumulative
exposuren control plots waapproaching that of high rate plots by the end of the trial. A
similar, though less pronounced, pattern was also evident at Site 2 (EitfdixeThis same pH
influence on metal ion retention can be seen at Site 1 where cumulativexgosures started to
decrease in treated plots after about 400 days, with high rate plots decreasing faster than low rate
plots (Figure3.8).

Trends in F& exposurevere less clear than foin®* andZn?*. Cumulative exposures
were equally high for aliréated plots at Site 2, but with no time interaction (Fi@.t6, Table
3.5). This suggests an initial Fe pulse after treatment followed by relatively steady exposure
levels not influenced by changing forest floor pH (FigBud®). At Site 1, low rate pte showed
increasedre** exposure related to controls, but high rate plots showed less (Bi§ur®verall
exposure levels were also greater at Site 1 compared to Site 2 (about 4x), despite similar Fe
concentrations in ATB batches (TalBl4). These opming results may have been due, in part,
to differences in surface soils between sitesiofizon thickness was highly variable at Site 1
(ranging from about-10 cm), so PRY'-probes were more likely to have been in contact with
Fe-enriched Bhorizons tha would have been the case at Site 2 where leached Ae horizons were
generally thicker. Variable drainage conditions at Site 1 may &lawéed to increase&e

capture even with the removal of obviously biased data.
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One of theconcers with land application of biosolids is possible metal contamination of
soils and surface waters, although this is less of a risk when using high quality (Class A)
biosolids (Lu et al. 2012). With infrequent applications of ATB in a forest setting, the main
concern is more likely to be possible contamination of surface or subsurface waters after
application rather than soil contamination (e.g., Luo and Christie 20&Hde or lkeavy metals
are generally less soluble at higher pH values and would thereftassbef a problem with
ATB versus regular biosolids (Basta et al. 2005; Gagnon et al. 2013). However, liming has been
shown to increase the leaching potential of organically complexed metals (especially Cu and Pb)
when forest floor mineralization was stifated by increased pH (Kreutzer 1995), suggesting
metal leaching is still a possibility when using high pH amendments. In this study, there was
someCw?* andPI?* leaching from the forest floor after treatment (mainly associated with high
rate treatmentsputoverallexposures were low. Cumulati@r* exposure in high rate plots
was only 3.2 pg 10crhafter 808 days at Site 1 and less than 1 ug after 533 days at Site 2
(Figures3.8 and3.10). ForP?*, cumulative exposure at Site 1 was 5.5 ug Idamhigh rate
plots after 808 days, but was not significantly greater than control plot exposure (3.5 [19.10cm
At Site 2, cumulative exposure was less than 1 pg Fdorhigh rate plots after 533 days
(Figures3.10). These lowCw?* and PB* exposurs reflect low concentrations in the
amendments used (Tal8d) and a lack of forest floor mineralization as discussed above. There

was also no treatment related response fif €xposure at either site (Tat8é).

CONCLUSIONS
Alkaline-treated bioslids (ATB) were surfacapplied at 7.5 t h&(low rate) and 15 t ha

(high rate) under two 2@5-year old white spruce plantations in Nova Scotia, Canada. At the rates
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applied, ATB treatments led to (i) significant increases in total and available Kia thi¢ forest
floor and surface mineral soil, (ii) significant increases in forest floor pH, (iii) significant or near
significant declines in exchangeable*Atoncentrations, (iv) relatively little impact on total and
available N, and (v) negligible lehing of metals (Cu, Cd, Pb, Zn) for the duration of study. P
availability was also slightly enhanced after an initial delay period. However, despite relatively
high K concentrations in the ATB product used, there were no significant increases in dorest fl
K concentration or surface mineral ion exposures after the first year of treatment, suggesting a
relatively rapid release and movement 6ft& deeper soil layers compared to more steady release
and movement of G& There were also no significant ieases in forest floor Mg due to low
amendment content and displacement by Ca. Furthermore, these trends were consistent between
two sites with contrasting soils.

Overall results suggest that ATB could be a good source of Calim{@ed sites, but
due to the high concentration of Ca versus other nutrients in ATB, nutrient imbalances may be a
problem on sites where N is also limiting or where extensive K and Mg depletion has also
occurred. This may be particularly important for Mg if tiiealine product used in ATB
production is low in this nutrient, as was the case in this study. It is recommended that forest soil
nutrient levels be assessed prior to ATB use so that mitigation of Ca deficiencies does not cause
other nutrient managemenigtems. In addition, although ATB treatments in this study did not
result in any significant increase in forest floor Ni@aching, this type of response is still
possible on other sites (especiallyrish sites), and should be monitored if ATB use omesor

sites is considered.

75



{ // Site 2 @
N .
. _/,DW. C;ff‘ Site 1

i 5 v}‘?ﬁf y
T \?ﬁl‘* 0 50 100 200 km
t f | ] 1 1 ] 1 ] 1 ]

Figure3.1. Location of ATB field trial sites in central Nova Scotia, Canada
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Figure3.2. Plot layout at Site 1 (left) and Site 2 (right). Pale yellow = control, pale green = low

rate treatment (7.5ha?), dark green = high rate treatment (1&t). The Latin square design at

Site 1 followed a northeast ground vegetation gradient from the road and a northwest ingrowth
gradient from the treed area to the east. Plots at Site 2 were not as close talthewstdary as
suggested by the image. Treatments were randomly assigned within the constraints of each

layout design. To ensure adequate treatment dispersion at Site 2, random patterns were generated

until each treatment type was found on both sideseofdhd.
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Figure3.3. Schematic of a single field plot with systematic sample points based on a random
initial bearing forsoil pit 1 (S1). Octagon: ATB treatment area within 40 m x 40 m plot. Grey
circle: tree growth assessment area (10.3 m radius)porous cup solution samplers (4 m from
centre). P = paired PR%-probes (8 m from centre). &3 = pretreatment soil pit sampling

sites (13 m from centre). s = pdstatment soil sampling sites (12 m from centre). V = ground

vegetation monitoringub-plots (1314 m from centre).
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Figure3.4. Mean forest floor total Ca, pH, and total Zn by treatment and time for Site 1.

Values with different letters are statistically different at p = 0.05.
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Figure3.5. Pretreatment (left ofine) and postreatment (right of line) forest floor exchangeable

Al®* and total Mnconcentrations at Siteand Site2 by treatment and gta since treatment
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Figure3.9. Cumulative meaiCa*, Mg?*, K*, PQw*-P, NH4*-N, and SG?-S exposures by treatment and

time for Site 2. Values with different letters in each graph are statistically different at p = 0.01.
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Figure3.10. Cumulative mea\®*, F€*, Mn?*, Cl?*, and PB" ion exposures by treatment and time for

Site 2. Values with different letters in each graph are statistically different at p = 0.01.
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Table3.1. Summary of AB chemistry and estimated application rates for Site 1 and SNéalues ae from onsite samples

except Cd and Pb values which came from quarterly analyses conducteditny3ystems Canada for 2012 and 2013.

Site 1
Statistic  pH EC Ca Mg K N S P Fe Mn Al Cu Cd Pb Zn
(n=6) (mS) 6éé. . 6. ..6666.. (% wt) éé¢ €6é..6..666666 (g ekkg@..ée. .. ¢é¢é¢é
Mean 109 465 206 041 172 08 013 052 7,571 218 18,358 107 <0.1 79 494
Stdev 0.5 025 116 003 004 017 0.06 0.04 416 15 1,135 5 nd nd 58
% CV 5 5 6 7 2 20 44 7 5 7 6 5 nd nd 12
Estimated element application (kg ha')
Trmt Ca Mg K N S P Fe Mn Al Cu Cd Pb Zn
High 1,914 38 160 79 12 49 70 2.0 171 1.00 <0.001 0.74 46
Low 957 19 80 39 6 24 35 1.0 85 0.50 <0.001 0.37 23
Site 2
Statistic  pH EC Ca Mg K N S P Fe Mn Al Cu Cd Pb Zn
(n=4) (mS) €éé. . 6é...6¢e66é6.. (% wt) éé¢ ééé..¢é..66666.. (Hgeékg....eé. ..
Mean 9.7 547 201 034 165 087 008 058 7550 226 20,765 101 <0.1 117 180
Stdev 1.3 118 238 004 032 004 001 0.05 767 38 2,240 9 nd nd 14
% CV 13 22 12 10 19 5 13 9 10 17 11 8 nd nd 8
Estimated element application (kg ha)
Trmt Ca Mg K N S P Fe Mn Al Cu Cd Pb Zn
High 1,870 32 153 81 7 54 70 2.1 193 094 <0.001 1.09 1.7

Low 935 16 77 41 4 27 35 11 97 0.47 <0.001 054 0.8
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Table3.2. Repeated measuranalysisresultsfor forest floor chemistry &ite 1 and Sit@. Significant treatmerdndtreatmenix-time

interactions have been shaded (alpha = 0.05).

p values- Site 1

Effect Ca Mg K P N S C Al Fe Mn Zn pH
Block 1 0.406 0.924 0.713 0.257 0.009 0.291 0.884 0.354 0.708 0.452 0.694 0.425
Block 2 0.581 0.819 0.128 0.113 0.014 0.297 0510 0.511 0.792 0.941 0.664 0.488
Pretrmt Value 0.835 0.694 0.142 0.218 0.025 0.742 0.627 0.257 0.655 0.714 0.683 0.584
Treatment 0.079 0.789 0.393 0.134 0.093 0.175 0.712 0.101 0.595 0.750 0.345 0.137
Days <.0001 0.493 0.001 0.000 <.0001 <.0001 <.0001 0.045 0.014 0.770 0.004 <.0001
Trmt x Days 0.000 0.496 0532 0.946 0574 0.420 0.592 0.105 0.719 0.498 0.007 0.004

p values- Site 2

Effect Ca Mg K P N S C Al Fe Mn Zn pH
Pretrmt Value 0.812 0.007 0.170 0.025 0.279 0.876 0.171 0.172 0.528 0.703 0.061 0.422
Treatment 0.002 0.773 0.424 0.033 0.696 0.786 0.471 0.003 0.921 0.908 0.533 0.004
Days 0.041 0.011 0.077 0.000 0.578 0.067 0.112 0.605 0.004 0.001 0.537 0.025
Trmt x Days 0.385 0.066 0.510 0.300 0.385 0.649 0.742 0.194 0.161 0.074 0.863 0.475
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Table3.3. Ratios of mean forest floor chemistry values in ATB treated plots versus control plots at Site 1 and Site aridydaegr

since treatment (pre = pteeatment, H = high ATB rate, L = low ATB ratg@} wasconverted to Hfor ratio calculatiors.

Site 1

Year Days Trmt Ca Mg K P N S C Al3* Fe Mn Zn H*
2012 Pre H 1.04 075 121 109 114 1120 107 163 075 133 082 0.76
L 1.25 092 095 092 107 108 111 094 076 154 093 1®
58 H 360 081 093 105 105 099 110 nd 078 095 121 0.16
L 203 087 095 098 09 094 103 nd 095 093 097 0.40
2013 293 H 408 107 120 118 100 086 102 nd 093 084 115 0.07
L 392 080 097 110 101 090 108 nd 0.77 057 119 0.08
435 H 503 101 110 116 090 080 093 014 1213 048 165 0.04
L 522 103 107 106 090 080 097 014 098 071 208 0.04
2014 671 H 954 126 113 120 099 091 091 nd 1.02 124 194 0.01
L 921 122 109 115 103 099 098 nd 095 075 217 0.01
805 H 798 127 152 151 088 077 092 014 121 130 29 0.01
L 564 082 115 118 100 098 101 026 086 053 177 0.02

Site 2

Year Days Trmt Ca Mg K P N S C Al3* Fe Mn Zn H*
2012 Pre H 074 047 089 072 094 101 091 070 066 078 055 1.69
L 127 051 120 093 104 091 105 088 078 127 099 0.81
2013 147 H 448 078 103 106 113 108 118 048 048 064 095 0.14
L 416 083 103 101 088 079 091 020 064 091 104 0.05
2014 369 H 6.08 068 117 123 102 094 098 nd 079 109 098 0.01
L 456 071 123 125 103 098 091 nd 0.82 118 0.89 0.02
518 H 684 097 110 116 095 085 1.02 007 089 172 098 0.01
L 6.28 0.97 1.03 115 107 093 107 008 083 141 111 0.02
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Table3.4. Repeated measuranalysisresultsfor surface mineral soil ion exposuresSae 1 and Sit@. Significant treatmerand

treatmerix-time interactions havieeen shaded (alpha = 0.0B)n charges have been omitted for ease of presentation.

Site 1
POs- NHs NOs  SOs-
Effect Ca Mg K P N N S Al Fe Mn Cu Cd Pb Zn
Block 1 0.638 0.174 0.237 0.263 0.857 0.954 0.488 0.026 0.175 0.122 0.570 0.766 0.049 0.115
Block 2 0.144 0.083 0.795 0.099 0.245 0.777 0.200 0.108 0.168 0.195 0.463 0.911 0.062 0.162
Treatment 0.014 0.076 0.031 0.055 0.387 0.913 0.046 0.055 0.223 0.161 0.187 0.738 0.090 0.964
Days <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
Trmt x Days <.0001 0.029 <.0001 <.0001 <.0001 0.831 <.0001 <.0001 <.0001 <.0001 0.025 0.928 0.783 0.028
Site 2
POs- NH4- NO3- SOs-
Effect Ca Mg K P N N S Al Fe Mn Cu Cd Pb Zn
Treatment 0.001 0.072 0.062 0.498 0.040 0.439 0.000 0.005 0.026 0.005 0.001 0.156 0.032 0.384
Days <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
Trmt x Days <.0001 0.024 0.008 0.009 <.0001 0.177 <.0001 <.0001 0.320 0.003 <.0001 0.415 0.032 0.179
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Table3.5. Ratios of meacumulative ion exposures ATB treated plots versus control plots at Sitey year and dagsince

treatment (H = high ATB rate, L = low ATB ratdon charges have been omitted for ease of presentation.

PO4- NH4- NO3- SO4
Year Day Trmt Ca Mg K P N N S Al Fe Mn Cu Cd Pb Zn
2012 14 H 563 382 6.86 052 290 135 1263 297 026 385 828 140 544 141
14 L 079 105 128 081 076 028 113 069 012 115 0.00 0.48 7.08 0.55
29 H 6.77 335 525 047 162 099 777 239 050 637 850 140 160 0.91
29 L 212 175 227 069 066 055 480 190 126 650 225 063 1.63 0.90
42 H 650 334 515 058 133 095 740 198 048 480 8.16 145 1.06 0.85
42 L 207 169 249 070 077 057 492 147 166 558 220 059 1.09 0.93
71 H 597 313 506 061 123 152 709 174 052 378 788 133 105 0.87
71 L 202 160 255 078 074 074 49 138 162 433 170 064 147 0.90
2013 231 H 542 250 416 094 117 139 6.00 147 054 308 325 139 100 0.82
231 L 196 146 235 087 081 106 437 129 156 378 110 0.66 111 0.87
268 H 540 248 401 110 117 126 569 142 055 290 330 120 258 0.83
268 L 194 139 227 091 082 098 414 123 152 359 110 0.71 362 0.86
295 H 567 254 380 137 108 123 539 136 058 269 336 118 139 0.84
295 L 202 136 219 106 081 100 391 118 147 334 104 070 151 0.86
331 H 581 251 315 174 106 135 521 140 062 251 349 123 113 0.86
331 L 219 137 194 142 081 102 377 118 144 311 113 071 117 0.86
371 H 582 244 242 194 102 137 512 137 063 229 346 092 1.02 0.86
371 L 244 135 165 185 081 106 371 119 141 284 115 0.82 126 0.87
403 H 585 237 210 204 094 134 498 136 065 212 285 090 100 0.85
403 L 243 130 147 201 078 104 361 117 139 264 111 081 105 0.87
438 H 598 234 207 220 091 135 462 131 065 203 258 089 570 0.86
438 L 251 130 148 207 077 105 335 114 137 253 111 079 9.70 0.87
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Table 3.5. Continued..
PO4- NH4- NO3- S04

Year Day Trmt Ca Mg K P N N S Al Fe Mn Cu Cd Pb Zn

2014 626 H 551 205 206 220 090 130 385 113 064 162 215 086 137 0.82
626 L 245 115 147 190 0.77 115 286 100 130 201 097 078 147 0.85
688 H 548 2,06 203 217 088 134 375 112 064 152 221 085 1.03 0.83
688 L 248 116 146 185 077 113 279 100 128 189 097 0.77 105 0.88
752 H 558 2.07 193 239 086 134 368 112 064 144 221 090 1.00 0.84
752 L 251 115 139 191 076 114 274 101 128 180 100 0.77 126 0.88
808 H 577 205 183 248 082 133 361 112 064 128 221 087 1.00 0.82
808 L 258 1.12 132 194 073 112 267 101 128 159 100 0.77 111 0.87
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Table3.6. Ratios of meacumulative ion exposures ATB treated plots versus control plots at Site 2 by year ansisitage

treatment (H = high ATB rate, L = low ATB ratea = not applicable due to zero valuesciamtrol plots).lon charges have been

omitted for ease of presentation.

PO4 NH4- NO3- SO4
Year Day Trmt Ca Mg K P N N S Al Fe Mn Cu Cd Pb Zn
2013 18 H 533 481 9.77 070 3.06 370 2514 254 185 9.25 na 150 275 233
18 L 212 289 451 095 085 3.05 1513 180 192 556 na 050 133 258
39 H 435 359 735 072 250 3.02 2882 200 199 8.64 na 196 446 222
39 L 190 229 326 102 116 248 1581 159 191 5.60 na 103 157 2.65
59 H 517 322 462 075 234 263 2668 178 183 6.83 na 188 480 1.93
59 L 242 214 225 084 117 239 1407 146 175 4.42 na 122 187 2.18
99 H 6.05 289 343 094 211 239 2593 172 182 534 na 189 480 1.66
99 L 309 212 187 102 1.09 217 1286 142 172 345 na 147 187 1.92
129 H 590 262 321 104 181 237 1953 167 176 475 na 184 505 154
129 L 309 199 179 105 103 208 10.10 141 168 3.23 na 150 251 181
164 H 586 239 288 133 165 217 1565 160 1.70 434 1020 148 545 1.44
164 L 303 18 170 119 101 185 844 134 163 314 553 114 251 1.69
2014 352 H 580 208 279 152 153 158 1196 160 163 3.73 12.63 144 6.06 1.40
352 L 299 170 167 130 103 143 6.77 147 162 3.09 1023 114 264 176
414 H 564 188 251 163 152 171 1016 156 159 327 6.77 134 6.06 132
414 L 293 155 157 141 103 149 586 147 162 274 475 107 264 1.68
478 H 6.07 178 205 181 141 176 927 154 156 264 442 136 6.06 124
478 L 309 148 136 164 101 153 539 145 160 226 305 109 264 1.57
533 H 6.19 167 186 181 134 169 853 154 155 237 442 135 448 121
533 L 315 1.41 129 162 101 146 498 144 159 205 305 110 267 1.53




€6

Table3.7. Maximum single sampling PR%-probe measurementsg 10cm?) found during field trials (both sites) and

maximum single ion capacities reported by Western Ag (2010).

lon Ca?>* Mg?* K* POs&-P NH4*-N NO3-N SO2-S AI¥* Fe* Mn?* Cu?* Zn?*
Flelc.l 2021 744 835 6 41 83 1587 377 718 297 3 19
Maximum

gre?pbaecity 4753 2883 9273 4620 3320 2088 4782 4131 8552 8412 9731 10012
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ABSTRACT

Two field trials were established to evaluate the use of alktakated biosolids (ATB) to offset
current or predicted Ca deficits in Nova Scotia forest soils under juvenile white sprcea (

glaucg plantationsAnalysis of B and BGhorizon soils after application of 7.5 and 15 tha

ATB (wet weight) showed increasestatal base cation / Al ratios related to application rate at
Site 1 (underlain by imperfectly drained loamy soil), but no such increases at(Gitderlain by

well drained coarse soil). In addition, there were no significant treatment related changes in soil
pH, soil microbial biomasgr trace metal concentrations (Cd, Cu, Pb, Zn) at either site.
Representative leachate sampling showed sigmifimcreases in base cati@e’*, Mg?*, K*)

and S@* leaching associated with ATB treatments, but no increases inlé&#ohing Results
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from this study, and a related assessment of forest floor and surface ion flux chemistry, suggest
that ATB could bea good source of Ca in diaited sites, but that sitend soilconditions need

to be considered when developing treatment regimes

KEYWORDS
Alkaline-TreatedBiosolids,SprucePlantations,Soil Chemistry,Microbial Biomass, Leachate

Chemistry,Base Gtions

INTRODUCTION

To aid sustainable forest management planmngova Scotia, Canada, aaspatial
nutrient budget model was develofhdt can estimate the sustainable mean annual increment
(SusMAI) of a given site based on soil, substrate, and aimeois deposition data (Keys et al.
2016).With this model, sitespecific nutrient inputs can be compared to estimated nutrient
outputs from harvesting and acid leaching to assederilygerm sustainability of various
harvest scenariotitial use of this model hashown that calcium (Ca) is a potential limiting
nutrient onmanysites with slowly weathering soil€bapter 2due,in part to base cation
depletion fromdecades of acid depositiontime region(e.g.,Watmough and Ouimet 2005;
Lawrence et al. 2012)

Although a range of conditions can be foura potential for Ca deficitis expected to
begreater for areas under plantation management where the primary objective is to fimease
yields over time through a combinatiohsilviculture treatments and shorter rotation lengths.
Predicted defits may, howeverpe offsetthrough judicious use @il amendmentsuch as lime

or wood ash (e.gTomlinson1990; Nilsson et al. 20Q01Levin and Eriksson 20)0Alkaline-
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treatedbiosolids (ATB)- oftenused in agriculture mayalso be a good liming amendment
(e.g.,Banaitis et al. 2009) o0 evaluate theotential forATB to offset current or predicted Ca
deficits in Nova Scotiforest soils two field trials were established tceasureeffectsof surface
applied ATB on white sprucé{cea glauca plantation soils and vegetation.

ATB treatment effects on forest floor and nearface ion fluxebave already been
discussed in Chapter Results Bowed(i) significantand persisterihcreases in total and
available Ca(ii) reducedaluminum QI3") concentrationg(jii) increased movement of
potassium (K) and magnesium (M), (iv) slightly enhanced phosphorous (P) availability,
minimal effecton total or availablaitrogen (N), andvi) negligible leaching ofracemetals
(Cw?*, Cd*, PI?*, Zr?). This chapterdiscusses the effect§ ATB treatments onleeperB- and

BC-horizonchemistry soil microbial biomass, anaoting zondeachate chemistry.

METHODS

A full description of experimental design is found in Chapter 3. A brief summary is
presented here for context, along with details related to mineral soil and leachate analyses.

Two 10-15-yearold upland white spruce plantations in central Nova Scotina@awere
selected for independent field trials. Site 1 was moderately well to imperfectly drained and
underlain by a shaly loam soil derived from slate till. Site 2 was well to rapidly drained and
underlain by a gravelly/cobbly sandy loam soil derivednfigranitic till. Soils at both sites were
field-classified as Humé-erric Podzols (SWG 1998) or Typic Haplorthods (UI$A 1999
(Figure 4.1)

An ATB product manufactured by-Miro Systems Canada and trademarked as Halifax

Soi l Ame nd me nt ™tudyaThis puosliuetds categorizedh as a Class A biosolid
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under Nova Scotia Department of Environment regulatioE@®010) and is sold commercially
under an approved fertilizer label. Target application rates wed® kg ha Ca (low rate) and
2,000 kg lat Ca (high rate) with default concentrations used for other elements. Actual Ca
application rates were determined to be 957 kbaral 1,914 kg h&(Site 1: low and high

rates), and 935 kg Haand 1,870 kg h&(Site 2: low and high rates) (Taldel). Site 1-aLatin
square desigr wastreated in Septembe2012. Site 2- arandomplot design-wastreated in
June, 2013. Posteatment measurements at both trial sites were taken to November, 2014.

A systematic sampling scheme was developed to assess soil and vegetation parameters at
each plot (Figurd.2). Three large soil pits per plot were excavated prior to treatment to assess
soil/site variability, collect bulk densiffpb) samples, and to coltepooled samples for
chemical and texture analyses (Tabl2). Pits were located 12 m from plot cenwith Pit 1 run
on a random bearing and Pits 2 and 3 each offset By $8Mples were taken from the upper B
horizon (referred to as upper soil) and-B@rizon at approximately rooting zone depth (referred
to as lower soil). Pogteatment soil samples were collected in early summer and late fall each
year following treatment and consisted of pooled samples from three systematically located
points basedff the original random bearing used to locate Pit 1 (Figte Posttreatment
samples were collected using a soil auger (Site 1) and small excavations (Site 2) with soil colour
and texture indicators identified during greatment assessment useddafaem appropriate
sampling depths. Soils were analyzed fi; exchangeable &g Mg?*, K*, andammonium
(NH4"); availablenitrate(NOs) andphosphorousRQs*-P); exchangeable At; total carbon,
nitrogen and sulphulNS); and microbial biomass carb@BC). In addition, enebf-trial

samples were analyzed for totaidmium Cd), copper Cu), lead Pb), andzinc ¢Zn).
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To assess nutrient and metal fluxes leaving the rooting zone, two ceramic cup samplers
attached t@l.8 cm diametePVC pipe (model 190 Soilmoisture Equipment Corp.) were used to
sample leachate from eaplot at 35 to 40 cm (Site 1) and 50 to 55 cm (Site 2) which coincided
with average rooting depths at each location (Figuze All 18 cups at Site 1 were installed in
August, 2012, atut a month before the start of sampling. A bucket auger was used to excavate
holes to the required depth, and a powdered silica slurry used to ensure continuity between cups
and soil. A layer of bentonite was also used to seal each sampler from praf@ipetflow
before backfilling with soil. Nine cups at Site 2 were installed in October, 2012 with the other
half installed in May, 2013 about a month before the start of sampling. Installation at Site 2 was
the same as Site 1, except holes had to béyingnd due to high coarse fragment content.
Additional soil from nearby soil pits was also used for backfilling after sieving out larger gravel
and cobbles.

Leachate sampling took place approximateklwbekly for the first six weeks after ATB
applicatiors, then monthly for the remaining study period (when soils were not frozen or snow
covered). Cups were placed under vacuum with a hand pump to 60 kPa three to four days prior
to sampling, with samples collected in rinsed plastic bottles, kept in a cduolerimvthe field,
then frozen untiknalysis at the end of each field season. Solutions were analyzed forpH, Ca
Mg?*, K*, NHs*, NOs, PO%, SOZ, Fe™*, AlI®*, Mn?*, C/*, and Zi*. Due to potential
interaction with cup materigé.g.,contaminatioror sorption)and/orprecipitation caused by
changes in solution pH or oxygen content with the sampéeamic cup samplers are not
particularly well suited foPQs>, Al®*, Fe* Mn?*, CU/?*, andZn?* assessment (e.g., Nagpal 1982;
RaulundRasmussen 1989; Wenzel at al. 19%&ihermdlleret al. 2007). However, these

analyses were included here to match variables measured in other study components.
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Sample Analysis and Statistical Procedures

Sample aalysis AmendmentCa, Mg, K, P, and metals were determined through nitric
acid digestion using a Microwave Accelerated Reaction System (MARS) followed by AAS
analysis. Tk same method was used to measure metals okl soil samples. Amendment
pH andelectricalconductivity (5:1 water) were measured using an ExStik EC500 meter (Extech
Instruments). Soil pH was measured using 0.01 £s@lition (1:1 ratio) and a bemop meter.
Amendment and soil CNS were measured using a LECO induction furnace. Soil exchangeable
bases (C4, Mg?*, K*) were determined through 1M NBAc extraction (adjusted to pH 7)
followed by AAS analysis. AvailableQ*-P was determined through odimetric analysis after
extraction with 0.5M NaHCe&solution. Exchangeable NHand available N@ were
determined through 2M KCI extraction followed by colorimetric analysis. Exchangeaile Al
was determined through 1M KCI extraction followed by AAS analysis. A separate 1M KCI
extraction was also conducted on-fieatment soil samples to estimate the proportion of
exchangeable acidity comprised of exchangeablé(slandard titration methodedcribed by
Sims1996). MBC was assessed through fumigation direct extraction and colorimetric analysis
(Voroney et al. 1993). For leachate samples;Ntdd NQ were measured using colorimetric
analysis with SG¥ assessed by ion chromatography (Watenp@. All other elementéons)
were determined through ICP or AAS analysis.

Data analysisAll response variables, except etirae soil metals analysis, were
analyzed as repeated measures using SAS PROC MIXED (version 9.3, SAS Institute Inc.). Fixed
factors and effects were treatment (control, low ATB rate, high ATB rate), time (days since
treatment), and treatmerittime interaction. Two blocking factors were used for the Latin square

design at Site 1, and pteeatment data were used as covariates imeral soil analyses at both
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sites. Normality of error terms was assessed for each variable using normal probability plot of
residuals, and if violated, power transformations were used. Compound symmetry was the best
covariance structure found and was ugedll analyses. Significance of model terms and
multiple means comparisons were generally assessed at alpha = 0.05. However, means
comparisons for leachate with significant treatrretitne interactions were assessed at alpha =
0.01 to reduce the posdiby of Type I error inflation from the large number of treatment
combinations associated withgdlstudy. Plots of means were generated usiimgtab software
version 17 (Minitab Inc.). Bd-of-trial soil metals data were assessed udtggl c h’ s ANOVA
with GamesHowell comparison of meanalpha = 0.05)

Due to differences in ATB chemical composition and application schedules, results from
each trial site were treated as independent. Differences and similarities noted between trials are
intended to highlighpossibleeffectsof ATB chemistry, soil conditions, and/or site variables on

treatment responses.

RESULTS and DISCUSSION
Mineral Soil Chemistry

Caand K were the only elements that showed a significant response to ATB treatment at
Site 1, but only in the upper soil of high rate plots (T&#®3. Overall, mean exchangeable’Ca
increased by a factor of 4.6 in high rate plots versus the controlcaittentrations also
increasing over time (Figud3). Low rate plots also showed consistent Ca increases, but these
were not statistically significant (Figu#e3). Mean exchangeablekhcreased by a factor of 1.4
overall in high rate plots, but no tinngeraction was found (Figu#e3). Although not

statistically significant, exchangeable #dn high rate plots followed a similar trend to that of
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K* (Figure4.3). Despite these increases in base cation concentration, upper soil pH was little
affected byATB treatment at Site 1 (Figure3).

Caand K were also the only elements to show a significant treatment response at Site 2
(Table4.4), but overall trends were differethian Site 1Mean upper soil exchangeable?Oaas
significantly greater with ki application rates versus the control, but only in the first
assessment period after treatment. Concentrations increased by a factor of 3.4 in high rate plots
and 1.8 in low rate plots in fall, 2013, but were no different than control plots in 2014gFigu
4 .4). Lower soil exchangeable €also showed an apparent response to treatment (Z4ble
but this was due to decreases in control plot concentrations rather than treatment related
increases in Ca, making this result suspect (Figime Control plot data were also responsible
for the neasignificant response found in lower soil pH (Tablé, Figure4.5), again suggesting
soil/site variability rather than ATB treatment as the cause. With respett moddn upper soil
concentrationricreased by a factor of 1.4 overall in high rate plots versus the control (similar to
Site 1), but results from low rate plots were more variable (Fifyd)e Treatment related trends
in mean upper soil exchangeable¥and pH were also variable at Sk¢Figure4 4).

Unlike forest floor horizons where ATB treatments led to immediate and significant
increases in pH (Chapter 3), there were no significant increaBesimd BGhorizonmineral
soil pH at either site over the study period. Price et alLgpBeported early and significant
increases in mineral soil pH with a single ATB application at similar rates used here, but this was
in an agricultural soil where ATB was directly incorporated into surface mineral soil and pre
treatment pH was already@le 5.0. In contrast, forest liming studies have shown that it can take
years for surface lime applications to cause changes in mineral soil pH (e.g., Kreutzer 1995;

Long et al. 2015). It is also conceivable that no significant pH changes will be deteittesle
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mineralsoils after just one ATB treatment. This could be due, in part, to high forest floor
buffering capacitye.g.,Meiwes et al. 2002)ut also to the complex and often confounding
relationships found between pH, Al speciation, and organitemzontent in acidic forest soils
compared to agricultural soils (Ross et al. 2008). For example, Brunner et al. (1999) reported
base saturation (€at+ Mg?* + K*) valuesof 11%-99% across a range of Norway sprueeéa
abieg stands in Switzerland, adlith soil pH values below 4.75. ThésiggestpH is not a

reliable indicator of potential base cation status in acidic forest soils.

The main purpose of applying ATB to spruce plantations in Nova Scotia is not to
increase soil pH, but to offset curremtpyedicted deficiencies in Ghie to acid leaching and
harvest removals. This may best be assessed by looking dtgaistent changes in base cation
concentrations and/or mass (Ross et al. 2008), or by changes in base cation / Al ratio$*since Al
dominates exchangeable soil acidity at both study sites (#&f)le

Looking only at prereatment and endf-trial data, there was a clear improvement in
mineral soil Ca content and base cation / Al ratios from ATB treatments at Site 1, but not at Site
2 (Table4.6). Indeed, after adjustment for Al acidity fraction (Tabk), estimatedo BSin
high rate plots at Site 1 was in the 20% range thought to be criicsbif health (Driscoll et al.
2001). Several factors may have contributed to the higlhes of base cation exchange and

retention found at Site 1 versus Site 2:

1 Low clay content at Site 2 {8%) meant that almost &lECwas associated with soil
organic mattefJohnson 2002)hich was also dominated by strongly held and/or
complexed Al*. In contrast, Site 1 had double the clay content and a larger percentage of

more easily exchangeablé€ tdns (Tablegt.2 and4 5).
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1 Site 1 is moderately well to imperfectly drained with a shallow, massive subsoil that
likely led to higher soil solution conotations per unit depth, more uniform distribution,

and longer residence times compared to the deeper, well to rapidly drained soils at Site 2.

i Site 1 had a longer study period (and therefore ATB dissolution time) than Site 2 which,
combined with moréavourable soil/site conditions, likely led to increased cation
exchange.

The shorterm increase in exchangeabléClaund in Site 2 upper soils (Figudet) was
somewhat surprising, but may again be related tespieific soil and drainage conditions
Analysis of forest floor chemistry and surface ion fluxes at Site 2 showed substantial movement
of C&* related to treatment rate (Chapter 3) that likely lethéoincrease inpper soil
exchangeable Gafound during initial sampling. However, this Bapulse may have been offset
by ongoing movement of Al from forest floor horizons where exchangeabl& Aecreased
over 90% by the end of 2014 (Chapter 3). If this was the case, a second ATB appdmaition
result in greateand/or longeCa retentia in Site 2 mineral soil.

Although% BSwas improved in the highate plots at Site 1, data also showed that'Mg
concentrations were low prior to treatment and not greatly improved by ATB applications (Table
4.6). This was mainly due to the lackMfy in the ATB product used (Tabfel). Mg uptake by
fine roots and mycorrhizae is sensitive to cation competition, and possible reduction of Mg

uptake must be considered when acidic fosegs are limed (Ende and Ever897).

Soil Microbial Biomass
Soil microbial biomass (SMB) represents the living fraction of soil organic matter

responsible for decomposition and nutrient cycling. In general terms, an increase in SMB is
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viewed as beneficial, while a decrease can be detrimental if it leads to asdenrkmlogical

function (GonzaleXuifiones et al. 2011). MBC measured at both trial sites showed expected
depth trends (related to C and N content) and seasonal trends (related to available moisture), but
no obvious treatment response (Fig® Tables4.3 and4.4). This is not surprising given the

lack of significant response in mineral soil pH, C, N, and available P wddmig with moisture

contenf typically drive SMB dynamics (e.g., He et al. 1997; Lupwayi et al. 2009; Gonzalez
Quifiones et al. 2A). Anderson (1998) found significant increases in MBC in forest floor and
surface mineral horizons in a limed Norway spruce stand, but this was attributed to an increase in
soil pH, not soil Ca. Although MBC measures were highly variable at Site 1, éatatetated

increases in Ca did not appear to affect SMB in the absence of similar changes in soil pH.

Trace Metals

End-of-trial assessmesishowed no statistically significant increases in mineral sdif,Cd
Cu?*, PI¥*, or Zrt* concentrations with ATBréatments at either site, although there was some
trend toward increased Phn high rate plots (Tablé.7). These results are consistent with low
metal ion fluxes measured below the forest floor at both sites (Chapter 3), as well as results
reported by RBnaitis (2009) after application of ATB at similar and higher rates in a young
hardwood stand in Maine, USA. Results also reflect low metal contents in the Class A biosolids
product used in this study (Tablel).

Soil metal concentrations in treated glatere well below Canadian standards for various
landuses including agriculture (Table?.and suggest several ATB applications could be
accommodated on typical spruce plantation sites in Nova Scotia. Given that a single treatment

has already resulted in significant and meaningful increases in mineral soil Ca at Site 1, further
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use of ATB wold likely lead to adequate replenishment of Ca long before metal contamination

would be of concern.

Porous CupSamplers

There were clear differences found in control plot leachate concentrations between
sample years at Site 1, with values in fall, 2dd&ng much higher than those found in 2013 and
2014 for many ions. This suggested an installation effect on sample chemistry which was
confirmed in 2013 when one sampler had to besealled after failing to consistently capture
leachate samples. Dataifin that sampler were much higher aftem&allation, mirroring trends
found in 2012. Schreffler and Sharpe (2003) had similar results when using porous cup samplers
in a forest amendment trial in Pennsylvania, USA, but they did not discuss a posssibkle ca

Since all porous cup samplers were installed at the same time at Site 1, it is possible that
relative differences found between treatment and control plots are valid. However, absolute
concentrations for 2012 are suspsotassessment of treatmegntime interactions are not valid
unless 2012 data are separated from the rest. Consequently, leachate chemistry data for Site 1 are
reported in two periods: 2012 and 2€A@14. Additionally, only ions that showed statistical
differences in 201:2014 were onsidered.

There was a significant and consistent increase in leach&tn@aeated plots at Site 1
in 20132014, but no difference between treatment rates (F@djeThese increases (also noted
in 2012 data) were still evident at the end of 2&l4showed a similar response to’Ga
although less pronounced (Fig#&). In contrast, M§f showed a more immediate treatment
response that was somewhat rate dependent, but with significant differences that only lasted until

the end of 2018Figure4.7). SO+ concentrations were much higher than cation concentrations,
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and significantly greater in treated plots versus controls in 2013, but not in 2014 &&)ure
Also of interest was the significant decrease in leachate pH found in high rate plots 4EByu

Leachate results from Site 1 are consistent with previously discussed results for mineral
soils (this Chapter) and surface ion fluxes (Chapter 3). Greater retentiofi" &fyGails in high
rate plots reduced potential €#oss resulting in simélr leaching of excess €aunder both
application rates. High inputs of Ca and K resulted in early displacement and los$ tfidtlg
was not replenished by amendment inputs. K@i concentrations reflected the dominance of
this companion anion in soil solution. Low leachate pH found in high rate plots reflected the
displacement of Hions and related increase found4nBS(Table4.6).

A concern with applying high pH amendmentsaaidic forest soils is the potential for
increased N®@ leaching from enhanced mineralization and/or nitrification (&geutzer 1995;
Pitman 2006). This is a concern for both water quality and further base cation loss. However, no
significant increaseim NOs” or NHs" were found in Site 1 mineral soils or leachatmsistent
with the lack of significant N input, mineralization, and nitrification found in forest floor
horizons at this site (Chapter 3).

With respect to leaching of metals, all resultsGof* were below detectigras were the
majority of results for Zff, AI**, Mn?*, andFe™ (data not shown). All P£F results were also
below detection. It is unclear whether these results reflected actual soil solution chemistry,
interference of porous cup material on sample chemistry, or a combination of both. However,
based on ion flux data collected below the foflestr (Chapter 3), significant leaching of €u
or Zre* would be unlikely at Site 1, while some increase in soil solutidi(ahd perhap®n?*)

would have been expected.
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Half of the porous cup samplers at Site 2 were installed in fall, 2012, with the remainder
installed in spring, 2013. The installation effect noted at Site 1 was also found at Site 2 which
made it necessary to separate new and old installation data fyn0dreas all data could be
combined for 2014No treatment related responses or trends in leachate chewestfound at
Site 2, as exemplified by €aresults (Figuret.9). Indeed, although highly variable, control plots
often had higher leachate €aoncentrations than treated plots in 2013.

One of the reasons ATB treatments at Site 2 were delayed until summenvag1Be
perceived risk of extensive leaching losses with heavy fall rains at this well to rapidly drained
site. lon fluxes measured nearsurface mineral soils at both study sites clearly showed similar
inputs after ATB applications (Chapter 3). This, combined with the lack oftenmng changes in
mineral soil base cation concentrations, suggests that leaching losses must haymifieantsi
at Site 2 even though leachate data did not support this finding. A possible explanation is that
porous cup samplers at Site 2 were too small and/or too few to representatively sample the fast,
preferential flow that is often associated with seagravelly soils (e.g., Curley et al. 2011;

Wang et al. 2012). Systematic rather than event sampling could have also allowed significant
base cation losses to go unnoticed. In contrast, more uniform moisture distribution and restricted
drainage at Site firobably allowed for more representative leachate sampling, even with a

systematic sampling regime.

CONCLUSIONS
Alkaline-treated biosolids (ATB) were surfaapplied at 7.5 t hhiand 15 t h& (wet
weigh under twol0-15-yearold white spruce plantations in Nova Scotia, Canada. Analysis

showed: (i) increases in ed-trial Ca and base cation / Al ratiosimperfectly drained loamy
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soils (Site 1)pbut no increases in these parametemset drained coarse soilSite 2), (i) no
treatment related changes in mineral soil pH, (iii) no treatment related changes in mineral soil
microbial biomass, (iv) no treatment related increases igi M&ching, and (v) no significant
increases in endf-trial mineral soil Cd, Cu, Pb, and Zn contrations. Soil and site conditions
at Site 1 (higher clay content, restricted drainage, and lower Al fraction of exchangeable acidity)
probably allowed for greater base cation responses than conditions at Site 2 (lower clay content,
unrestricted drainagend higher Al fraction of exchangeable acidity).

Porous cup sampler data showed significant increases in soil solutivan@a’ at Site
1 that was ongoing and unrelated to application rate, as well as significant increaséstiraiMg
was rate and time dependent. It is also suspected that base cation leaching loss was extensive at
Site 2 despite the lack of supporting porous cup sampler data.

Results from this study, and a related assessment of forest floor and surface ion flux
chemistry (Chapter 3), suggest that ATB could be a good source of Cdimitéd sites, but
thatsoil andsite conditions need to be considered when developing treatment regimes.
Application rates of 7.5 t hleand 15 t ha resulted in similar changes fiorest floor chemistry,
but notdeepemineral soil chemistry, on two contrasting sites. The following general

conclusions can be made:

1 Sites with loamy soils (clay > 10%) and an exchangeable &li di ty of = 20%
probably benefit from a single, highte ATB application (e.g., 15 t fip

1 Sites with coarse soils (clay10%), an exchangeable Hcidity of < 20%, and well to

rapid drainage should be initially treated with a lower ATB rate to avoid excessive loss of

base cations. In the casenawly esablishedspruce plantations, it should be possible to
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treat sites twice within a-gear period before potential seedling damage prevents further

machine access.

Soils/sites with lonMg levels may not fully benefit from ATB applications due to
enhanced displacement, leaching loss, and lack of amendment input. An additional Mg
fertilizer, orpossibly a mixture of dolomitic limestone and ATB, may be requiresiten

with low Mg and Cadvels.

Neither site treated in this study showed a significant increase in N mineralization,
nitrification, or NG leaching from increased forest floor pH, but this possibility still
exists on other site types and should be monitored, especially onelglat-rich sites.

Low inputs of heavy metals from Class A biosolids, combined with enhanced forest floor
retention at higher pH values, suggests that ATB can be safely applied to spruce

plantation ecosystems at the expected rates and frequencies toeeffeet Ca deficits
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Figure4.1. Sample profiles for a shaly loam soil derived from slate till (Sitkeft) and a

gravelly/cobbly sandy loam soil derived from gtamntill (Site 2— right). Both soils are classed

as Orthic HumererricPodzols (EWG 1998) or Typic Haplorthods (UBA 1999).
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Figure4.2. Schematic of a single field plot with systematic sample points based on a random
initial bearing forsoil pit 1 (S1). Octagon: ATB treatment area within 40 m x 40 m plot. Grey
circle: tree growth assessment area (10.3 m radius). C = porous cup solution samplers (4 m from
centre). P = paired PR%-probes (8 m from centre). &3 = pretreatment soil pit sampling

sites (13 m from centre). s = pdstatment soil sampling sites (12 m fraentre). V = ground

vegetation monitoring suplots (1314 m from centre).
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Table4.1 Summary of AB chemistry anastimated application rates for Site 1 and Si#ll2values are from orsite samples

except Cd and Pb values which came from quarterly analyses conducteditny3ystems Canada for 2012 and 2013.

Site 1
Statistic  pH EC Ca Mg K N S P Fe Mn Al Cu Cd Pb Zn
(n=6) (mS) 6éé. . 6. ..6666.. (% wt) éé¢ €6é..6..666666 (g ekkg@..ée. .. ¢é¢é¢é
Mean 109 465 206 041 172 08 013 052 7,571 218 18,358 107 <0.1 79 494
Stdev 0.5 025 116 003 004 017 0.06 0.04 416 15 1,135 5 nd nd 58
% CV 5 5 6 7 2 20 44 7 5 7 6 5 nd nd 12
Estimated element application (kg ha)
Trmt Ca Mg K N S P Fe Mn Al Cu Cd Pb Zn
High 1,914 38 160 79 12 49 70 2.0 171 1.00 <0.001 0.74 46
Low 957 19 80 39 6 24 35 1.0 85 0.50 <0.001 0.37 23
Site 2
Statistic  pH EC Ca Mg K N S P Fe Mn Al Cu Cd Pb Zn
(n=4) (mS) €éé. . 6é...6¢e66é6.. (% wt) éé¢ ééé..¢é..66666.. (Hgeékg....eé. ..
Mean 9.7 547 201 034 165 087 008 058 7550 226 20,765 101 <0.1 117 180
Stdev 1.3 118 238 004 032 004 001 0.05 767 38 2,240 9 nd nd 14
% CV 13 22 12 10 19 5 13 9 10 17 11 8 nd nd 8
Estimated element application (kg ha)
Trmt Ca Mg K N S P Fe Mn Al Cu Cd Pb Zn
High 1,870 32 153 81 7 54 70 2.1 193 094 <0.001 1.09 1.7

Low 935 16 77 41 4 27 35 11 97 0.47 <0.001 054 0.8




Table4.2. Average texture, coarse fragment (CF), and bulk density (Db) data for Site 1 and Site 2 soils.

0ct

Statistic Site 1 Upper Mineral Site 1 Lower Mineral

(n=9) %Silt %Clay %CF Db (Mgm3) | %Sand %Silt %Clay %CF Db (Mg m?3)
Mean 17 16 1.00 45 40 15 31 1.46
Stdev 3 2 0.16 8 6 4 4 0.09
% CV 15 10 16 19 14 24 14 6
Statistic Site 2 Upper Mineral Site 2 Lower Mineral

(n=6) %Silt %Clay %CF Db (Mgm3) | %Sand %Silt %Clay %CF Db (Mg m?3)
Mean 8 28 0.63 60 34 6 41 0.99
Stdev 2 5 0.10 7 6 1 8 0.16
% CV 20 17 16 11 16 23 18 16




Tt

Table4.3. Repeated measuranalysisresultsfor mineral soil chemistry and microbiblomasscarbon MBC) at Site 1(upper and

lower soil) Significant treatmerdndtreatmernix-time interactions have been shaded (alpha = 0.05).

Site 1 Upper Soil

Effect Ca Mg K P NH4 NO3 N S C Al pH MBC
Block 1 0.196 0.630 0.044 0.130 0.146 0.381 0.415 0.093 0.248 0573 0.345 0.614
Block 2 0.297 0.495 0.106 0.105 0.405 0.427 0.780 0.066 0.207 0.796 0.368 0.783
Pretrmt Value 0.430 0548 0.042 0.095 0.348 0.376 0.653 0.067 0.181 0.939 0.803 0.516
Treatment 0.048 0451 0.026 0.108 0.692 0414 0903 0.135 0.392 0.879 0.387 0.605
Days 0.014 0.031 0.048 0.294 0.105 <.0001 0.000 0.001 0.615 0.183 <.0001 0.409
Trmt x Days 0.005 0.220 0.241 0.651 0.227 0.959 0.607 0506 0.970 0.767 0.736 0.841

Site 1 Lower Saoll

Effect Ca Mg K P NH4 NO3 N S C Al pH MBC
Block 1 0.851 0.322 0.770 0.039 0.143 0587 0.767 0.757 0.742 0.142 0.210 0.762
Block 2 0.679 0511 0.927 0.040 0.261 0503 0.771 0.284 0.780 0.609 0.108 0.451
Pretrmt Value 0.807 0.344 0.679 0.627 0.328 0.663 0.700 0.763 0.847 0.207 0.085 0.547
Treatment 0.196 0.395 0429 0.090 0547 0623 0929 0.631 0.970 0.222 0.062 0.813
Days 0.185 0.057 0.036 0.044 0.766 <.0001 <.0001 0.002 0.137 0.272 <.0001 0.116
Trmt x Days 0.314 0.247 0.205 0.721 0.254 0.291 0.270 0.237 0.998 0.461 0.207 0.745




[44"

Table4.4. Repeated measuranalysisresultsfor mineral soil chemistry and microbiblomasscarbon MBC) at Site 2 (upper and

lower soil) Significant treatmerdndtreatmernix-time interactions have been shaded (alpha = 0.05).

Site 2 Upper Soil

Effect Ca Mg K P NHa4 NO3 N S C Al pH SMB
Pretrmt Value 0.806 0.521 0.056 0.673 0.474 0.017 0.205 0.690 0.291 0.497 0.234 0.257
Treatment 0.054 0.479 0.036 0.685 0.371 0.150 0.673 0.703 0.838 0.366 0.483 0.079
Days 0.004 0.116 0.404 0.246 0.003 0.000 0.040 0.001 0.077 0.005 0.396 0.031
Trmt x Days 0.029 0.197 0460 0.638 0.615 0.586 0588 0.526 0.703 0.230 0.659 0.857

Site 2 Lower Soil

Effect Ca Mg K P NH4 NOs N S C Al pH SMB
Pretrmt Value 0.933 na 0.108 0.109 0.028 0.609 0.416 0.802 0.011 0.820 0.437 0.847
Treatment 0.009 0.077 0.585 0.778 0.246 0.732 0.890 0.816 0.295 0.748 0.477 0.729
Days 0.010 0.034 0.235 0.352 0.002 <.0001 0.002 0.011 0.262 0.009 0.024 0.241

Trmt x Days 0.155 0.771 0.375 0.390 0.174 0563 0.622 0.320 0.662 0.773 0.057 0.980




Table4.5. Fraction of exchangeakdeidity comprised of exchangeable*An upper and

lower mineral soil samples at Site 1 and Site 2-{gratment samples only).

Site 1 Site 2
Statistic Upper Lower Upper Lower
Mean 0.78 0.92 0.97 0.99
Stdev 0.15 0.11 0.04 0.02
% CV 12 10 4 2
n 7 9 9 9
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Table4.6. Mean base cation mass fka') and aluminum ratios for upper and lower mineral
soils before treatment (2012) and at-@rfdrial (2014) for Site 1 and Site 2. Masses were
calculated using data contained in Tab2 (assuming 15 cm thick horizons).

Site 1 Upper Mineral Soil

Year Trmt Ca Mg K Ca/Al BC/AI
H 24.9 9.9 29.7 0.02 0.05
2012 L 18.8 8.1 22.1 0.02 0.05
C 22.3 6.6 22.2 0.02 0.04
H 194.3 176 541 0.19 0.25
2014 L 57.5 11.3 414 0.06 0.10
C 22.1 12.1  36.0 0.02 0.06
Site 1 Lower Mineral Soil
Year Trmt Ca Mg K Ca/Al BC/Al
H 11.8 3.0 29.6 0.02 0.04
2012 L 24.7 3.3 27.6 0.04 0.06
C 30.7 3.0 26.9 0.04 0.07
H 106.8 7.3 49.6 0.18 0.25
2014 L 38.9 6.2 43.8 0.06 0.10
C 14.1 7.7 37.4 0.02 0.06

Site 2 Upper Mineral Soil

Year Trmt Ca Mg K Ca/Al BC/AI
H 29.6 8.8 18.8 0.04 0.08
2012 L 42.2 8.2 23.9 0.07 0.11
C 22.1 6.9 40.0 0.03 0.08
H 40.9 7.2 26.8 0.05 0.09
2014 L 335 6.3 22.8 0.04 0.07
C 17.3 5.3 19.8 0.02 0.04
Site 2 Lower Mineral Soil
Year Trmt Ca Mg K Ca/Al BC/Al
H 14.9 3.0 15.8 0.03 0.07
2012 L 23.8 3.0 23.8 0.06 0.11
C 17.8 3.0 22.8 0.04 0.07
H 19.2 3.1 23.1 0.04 0.07
2014 L 16.8 2.6 21.9 0.04 0.07
C 9.4 1.6 28.0 0.02 0.05
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Table4.7. Meanmetal concentrations from efd-trial soil samples at Site 1 and Site 2
(upper and lower soils combined) along with allowable soil concentrations by$aad
reported by the Canadian Council ofrisiters of the Environment (CCME 2007

Site 1 mean soil concemation (mg kg™?)

Element Control Low ATB High ATB
Cd 0.00 0.01 0.00
Cu 17.9 23.0 18.7
Pb 4.5 6.5 10.9
Zn 62.1 60.8 61.8

Site 2 mean soil concentration (mg k¢

Element Control Low ATB High ATB
Cd 0.34 0.00 0.15
Cu 13.3 10.2 9.3
Pb 3.7 3.9 9.8
Zn 87.6 73.5 64.7

CCME allowable soil concentration (mg kg')

Residential/

Element  Agricultural Parkland Commercial
Cd 1.4 10 22
Cu 63 63 91
Pb 70 140 260
Zn 200 200 360
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CHAPTER 5

TREE GROWTH, FOLIAGE CHEMISTRY, AND GROUND VEGETATION CH ANGES
AFTER SURFACE APPLIC ATION OF ALKALINE -TREATED BIOSOLIDS UNDER
TWO WHITE SPRUCE (Picea glauca PLANTATIONS IN NOV A SCOTIA, CANADA
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ABSTRACT

Two field trials were established to evaluate the use of alktkated biosolids (ATB) to offset
current or predicted Ca deficits in Nova Scotia foregis sinder juvenile white sprucPicea

glaucg plantationsATB treatments generally increased foliage Ca, K, and (to a lesser extent) P
concentrations in white spruce in relation to application rate, but in natural red, gpriyce

foliage K and P werencreasedLack of Ca uptake by red sprucayhave been due to a
combination of competition and Al stress on fine root development and function, but this could
not be confirmed. Lack of Mg uptake by both species was likely due to low amendment inputs,

Mg leaching loss, and cation antagonism. Despite improvenmefaliage nutrient contenis
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treated plotsthere werenly slight increases itteediameter incremerdver two growing
seasonsand no change in height incremenhis was probably due to a kaof significant N

inputs and/or to Mg deficiencies or imbalances resulting from ATB treatment. With respect to
ground vegetation, ATB treatments led to changesdmaspberryRubus idaeydoliage

chemistry that mirrored those found in white spruce, but treatments had no sigeffieatdn

overall specieabundance andiversity. This was attributed to minimal changes in available N
from ATB treatments, and to the already current domieari@ioneer and disturbance species

in these young plantation sité®esults from this study, and related assessments of forest floor,
mineral soil, and leachate chemistry, suggest that ATB could be a good source of €a in Ca
limited plantation sites, whélalso enhancing K and P availability and uptake. However, possible
increases in plantation productivity may be hindered by decreases in available Mg and/or base

cation imbalances caused by ATB treatment.

KEYWORDS
Alkaline-Treated Bosolids,SprucePlantations FoliageChemistry, TreeGrowth, Ground

Vegetation

INTRODUCTION
Globally, the main use dértilization in forestryhas beero increasdiomass production
in forest pantatiors (Smethurst 2010However, lime and wood ash have also beeninely
used insomeEuropean forestge.g., Tomlinsorl990; Nilsson et aR0031; Levin and Eriksson
2010 to mitigate the impacts of acid deposition, biomass harvesting, and/or calcium (Ca) and

magnesium (Mg) deficiencies. In northeastern North America, decades of acid def@stion
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resulted in significan€a, Mg, and potassium (Klepletionin manyforestsoils €.g.,Watmough
and OuimeR005; Lawrence et al. 201, 2)utto datethere has been little use lohing

amendments to mitigate theimpactgMoore ¢ al. 2015).In Nova Scotia, Canada, nutrient
budget assessments have shown Ca to be a potelmigtiiyg nutrient in many spruce plantation
sites (Keys et al. 2016), in keeping with regional trends. This is related to the presence of
relatively nutrierdpoor, slowly weatherable soils in many parts of the province (Whitfield et al.
2006; Keys et al.@16).

In addition to lime and wood asfilkalinetreated biosolids (ATB) are also considered a
liming amendment and nutrient supplemdnit despite@outine use in agricultureise in forests
has been minimdb date(Banaitis et al. 2009 Appropriate usef ATB in forestscould,
however offsetCadeficiencies caused by acid deposition hadsesting while also providing
arotherenduse for thisvastestreamproduct To evaluate theotential forATB to offset
current or predicted Ca deficits in Nova 8adorest soils two field trials were established to
measurdhe effectof surfaceapplied ATB on white sprucé{cea glauca plantation soils and
vegetation.

ATB treatment effects on forest flgarearsurface ion fluxesmineral soil chemistry, and
rooting zone leachate chemistry have already been discussed in Chapters Remudtgl.
showed (i) significant and persisteiricreases iffiorest floor pH andCa, (ii) no increase in
forest floor Mg and K, (iisignificantlyreducedorest floorexchangeablaluminum AI3*), (iii)
variable changes in mineral soil base cation / Al ratios, (iv) no change in mineral soil pH, (v)
minimal effecton total or availablaitrogen (N), (vi)slightly enhancedurface soiphosphorous
(P) availability (vii) significant loss of Mg imooting zondeachate, (viii) no increase in nitrate

(NOz3) leaching, (ix)no changes in mineral soil microbial biomaasd (x)negligible leachingr
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accumulation ofracemetals[copper(Cu), cadmium Cd), lead Pb) and zinc ¢Zn)]. This
chapterdiscussegffectsof ATB treatments on ground vegetation cover, foliage chemistry, and

plantationtree growth.

METHODS

A full description of experimental design is found in Chapter 3. A brief summary is
presented here for context, along with details related to vegetation and tree growth assessments.

Two 10-15-yearold upland white spruce plantations in central Nova ScGéeada were
selected for independent field trials. Site 1 was moderately well to imperfectly drained and
underlain by a shaly loam soil derived from slate till. Site 2 was well to rapidly drained and
underlain by a gravelly/cobbly sandy loam soil derifreth granitic till. Soils at both sites were
field-classified as Humé&-erric Podzols (SWG 1998) or Typic Haplorthods (UBA 1999.

An ATB product manufactured by-Miro Systems Canada and trademarked as Halifax
Soil Amendment ™ wa ss pwduetd categorizedhas & Clasg Aubabsolids T h i
under Nova Scotia Department of Environment regulatio®E@®010) and is sold commercially
under an approved fertilizer label. Target application rates were 1,000 Koph@Eow rate) and
2,000 kg ha Ca figh rate) with default concentrations used for other elements. Actual Ca
application rates were determined to be 957 kbyaval 1,914 kg h&(Site 1: low and high
rates), and 935 kg Haand 1,870 kg h&(Site 2: low and high rates) (Taldel). Site 1-aLatin
square desigr wastreated in September, 2012. Site randomplot design-wastreated in
June, 2013. Pogteatment measurements at both trial sites were taken to November, 2014.

A systematic sampling scheme was developed ®sasoil and vegetation variables at

each plot (Figuré.1). Vegetation responses included tree growth measurements (height and
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diameter) and preand postreatment assessment of tree and dominant ground vegetation foliage
chemistry[total Ca, Mg, K, P, Nsulphur §), carbon C), manganeseaJn), andZn]. Tree
measurements were conducted in October of each year within a 10.3 m radius circle from plot
cente (Figure5.1). Natural ingrowth at Site 1 also allowed for measurement of red sjitices (
rubeng trees along with planted white spruce. Only visually healthy, undamaged trees were
selected and tagged for ongoing assessniee. heights were measured to the nearest
centimete using a height pole. DiameterslaB m from the groundere measured tti¢ nearest
millimetre using adiameter tape. Total sample sszanged from 8 to 15 trees depending on
species, measurement year, and site. Tree foliage samples were collected in October from eight
randomly selected trees in each plot. Two curye@r $ioots of equal size were collected from
the upper half o$elected trees and pooled for analysis. Due to its wide distribution and coverage
at each site, red raspber®ubus idaeyswas chosen as a representative ground vegetation
species for foliage assement. Samples were collected from scattered plants in each plot during
July and pooled for analysi&fter pooling, bliage sample size was equal to thi@eeach
speciedfeatmenttombination

In addition to growth and foliage assessments, threexILmm vegetation subplots were
systematically established prior to treatment and ocular estimates of percent cover recorded for
each species found (Figusel). This assessment was repeated two years later by the same
personnel to determine if ATB treatments had effgcton speciesbundancand diversity as
measured by changes in species counts, average percent cover, and Shannon diversity index

(Shannon 148). Vegetation assessment sample size was equal to nine for each treatment.
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Sample Analysis and Statistical Procedures

Sampleanalysis ATB amendment Ca, Mg, K, P, and metals were determined through
nitric acid digestion using a Microwave Accelerated®m®n System (MARS) followed by AAS
analysis. Amendment and foliage CNS were measured using a LECO induction furnace, with
other foliage elements determined through dry ashing (400 °C) followed by HCI digestion and
colorimetric analysis (Por AAS analyss (all other elements).

Data analysisAll foliage concentration data were analyzed as repeated measures using
SAS PROC MIXED (version 9.3, SAS Institute Inc.). Fixed factors and effects were treatment
(control, low ATB rate, high ATB rate), time (days since treatment), and treak¥iane
interaction. Two blocking factors were used for the Latin square design at Site 1,-and pre
treatment data were used as covariates at both sites. Normality of error terms was assessed for
each variable using normal probability plot of residuals, and if vi|gtewer transformations
were used. Compound symmetry was the best covariance structure found and was used for all
analyses. Significance of model terms and multiple means comparisons were assessed at alpha =
0.05.Tree growthdatadata were assessedusig | c h’ s ANOV AHowellt h Ga me s
comparison of meanslpha = 0.05)Plant cover data were assessed using standastistat
alpha = 0.0@nd 0.10Plots of means were generated usWigitab software version 17
(Minitab Inc.).

Due to differences in ATBhemical composition and application schedules, results from
each trial site were treated as independent. Differences and similarities noted between trials are
intended to highlight possibkffectsof ATB chemistry and/or site variables on treatment

respoises.

131



RESULTS
Foliage Chemistry and Tree Growth

Tree foliage Site:1Compared to the control, ATB treatments led to significant increases
in mean foliage Ca for white spruce at Site 1, with estimated concentration ratios ranging from
1.30-1.80 (high rate) and 1.31L90 (low rate) (Tabl&.2 and Figures.2). In contrast, xcept for
an initial pulse in high rate plots, there was little change in red spruce foliage Ca over the entire
trial period (Table.2 and Figureés.4). Mg concentrations incread in both species in the year of
treatment, but then decreased in subsequesnts (Tablé.2, Figuress.2 and5.4). Although not
statistically significant, Mg concentrations in high rate plots were generally lower than controls
by 2014 (white spruce ratio 0.94, red spruce ratio 0.84). Both species showed significant, rate
dependenincreases in K concentrations (Tabl2, Figures.2 and5.4) with treatment versus
control K ratios ranging from 1.58.80 (high rate) and 1.41.50 (low rate) for white spruce, and
1.051.20 (high rate) and 0.9B13 (low rate) for red spruce. Theren also consistent
increases in P concentrations for both species, with white spruce showing statistically significant
increases (Tablg.2, Figuress.2 and5.4).

White spruce showed an early significant increase in N (especially in high rate plots), but
concentrations were back to control plot levels by 2014 (TaB|d-igure5.3). Red spruce did
not show any significant N response with either application rate (bahl€igure5.5). Both
species showed overall increases in foliage S, but resultswigiersignificantnor consistent
(Table5.2, Figuress.3 and5.5). White spruce Zn concentrations were significantly greater in
treated plots over all years, with treatment versus control ratios ranging from 1.35 to 1.64 (high
rate) and 1.58.74 (low rag) (Table5.2 and Figuré.3). Zn concentrations were also generally

higher in red spruce, but increases were not significant (Figbyeln contrast, after an initial
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increase, endf-trial foliage Mn concentration ratios in treated versus control plots decreased
from 1.26 to 0.73 and 1.15 to 0.88 (white spruce), and 1.03 to 0.71 and 0.97 to 0.82 (red spruce),
with the largest decreases found in high rate plots (Tabjd-igures.3 and5.5). Finally, mean
foliage C concentrations did not change for either species over the entire trial periob@able
Tree foliage Site :2Ste 2 did not contain red spruce ingrowth so only white spruce crop
trees were assessed. Mdallmge Ca and K both showed significant increases, with K increases
also being rate dependenthe same trend as Site 1 (Tabl8, Figure5.6). Treatment versus
control Ca ratios ranged from 1:3845 (high rate) and 1.2B67 (low rate), while K rat®
ranged from 1.2.32 (high rate) and 1.1B14 (low rate). Foliage Mg and P showed nhon
significant increases in high rate plots in the year of treatment, but concentrations were at or
below control plot levels by 2014 (TalBe, Figure5.6). This trendvas similar to that found at
Site 1 for Mg, but not for P. Mean foliage N also showed an earhsigmificant increase after
treatment, returning to control plot levels by 2014 (T&®e Figure5.7).

Both S and Zn had increased concentrations itetgalots, with Zn increases being
statistically significant (Tabl&.3, Figure5.7). However, in both cases, treatment versus control
concentration ratios were decreasing over titlge same general trend as all other elements
except K (Tablé.3). Thoudn not statistically significant, the same eofetrial decreases in
foliage Mn concentrations found at Site 1 were also found at Site 2 @.a&bleigure5.7), with
concentration ratios dropping from 1.34 to 0.90 (high rate) and 1.23 to 0.90 (low tateg¢ie
2013 and 2014. Finally, as with Site 1, mean foliage C concentrations were unaffected by both
ATB applications (Tabl&.3).

Raspberry foliageTreatment related concentration changes were generally more

pronounced for raspberry foliage than foetfeliage at both sites, with consistent and often
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significant increases in Ca, K, and P for the entire study period (TaBlasd5.3, Figuress.8
and5.10). At Site 1, enaf-trial treatment versus control concentration ratios for Ca were 2.13
(high rae) and 2.02 (low rate), with K ratios of 1.58 and 1.49 and P ratios of 1.40 and 1.38
(Table5.2). Ratios at Site 2 were not quite as high, but still greater than those associated with
tree foliage (Tabl®.3). There were also consistent and significacteses in mean foliage Mn
concentrations at both sites (Tabie® and5.3, Figures.9 and5.11). Compared to the control,

Mn concentrations decreased by as much as 72% at Site 1 and 48% at Site 2. Other element
concentrations in raspberry foliage weither unaffected by ATB treatments (S and C), or
inconsistently affected (Mg, N, and Zn) gvlesponse was mixed at Site 1, but showed
significant decreases at Site 2 (Tallésand5.3, Figures.8 and5.10). In contrast, N
concentrations showed significant decreases in treated plots at Site 1, but a significant increase in
high rate plots at Site 2 (TablB® and5.3, Figures.9 and5.11). Znh concentrations generally
increased at both sites, but respownaried between application rates (Figlfsand5.11).

Tree growth There were small, but statistically significant, increases in iseaealer
increment for all treated ploteersus controlat both sitegTable 5.4)Increases were variable in
the first year of measurement, but cumulativgear measures were more consistent for both
white and red spruce. Unlike diameter measures, thereno treatment related increases in

height increment for either species at either site (Table 5.4).

Ground VegetationCover
Site 1 A total of 48 species were recorded in the 27 vegetatiopledb established at
Site 1. In terms of both speciesuntsand diversity, there were no significant differences

between preand posttreatment conditions approximatdivo years after treatment (Tal@i&).
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With respect to abundance, there were 18 species with at least one pédssibb®tparison for
pre- and posttreatment percent cover. Four species showed significant decreases in percent
cover at the 95% confidea level and six at the 90% confidence level (T&l8¢ However,
mean percent cover change was low for many of these species (generally < 7%), and no species
showed a significant response to both treatment rates. Two species, red raspberry and Canada
goldenrod Solidago canadengisalso showed a significant decrease in control plot cover, with a
particularly large drop in mean raspberry cover (47% to 24%). This drop was, however, mainly
associated with decreases in two of the nine control plots asg¢datedot shown).

Site 2 A total of 40 species were recorded in the 27 vegetatiopletb established at
Site 2. In terms of both speciesuntsand diversity, there were no significant differences
between preand postreatment conditions approximateine year after treatment (Talalg).
With respect to abundance, there were 21 species with at least one pdssibb@tparison for
pre- and posttreatment percent cover. One species showed a significant decrease in percent
cover at the 95% confidee@nd two at the 90% confidence level (Teh&. However, neither
of these species showed a response to both treatment rates, and one also showed a decrease in

control plot cover along with treated plot cover.

DISCUSSION
Foliage Chemistry and Tree Growh
There are no local data available on what are considered optimum nutrient concentrations
in plantation white spruce foliage. However, Quesnel et al. (2006) estimated optimum Ca, Mg,
K, P, N, and Mn foliage concentrations for boreal white spruce in ©Oraad Quebec, Canada.

Pre and postreatment foliage N at Sites 1 and 2 (range 153 mgg?) were in line with
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optimum and maximum values reported by Quesnel et al. (2006) (rang&41@rB8g g2), but

other macronutrient concentrations (Ca, Mg, K, P) were generally lower than suggested
minimum values (Tabl&.9). The opposite was true for Mn concentrations which were generally
higher than suggested maximum values. All this suggests that oneenutoents (Ca, Mg, K,

P) were limiting or out of balance with respect to N at both trial sites before ATB treatment.

White spruce foliage Ca, K, P, and Mn concentrations were generally improved by ATB
applications (especially at Site 1), but Mg concatitins were not (Tabl&.9). The lack of
sustained Mg uptake in treated plots at both sites was likely due to a combination of low
amendment input (Tabk1), Mg leaching loss (Chapter 4), and cation antagorismdd€ and
Evers 1997)Rgsberg et al. (200@lso reported a decrease in foliage Mg in a limed Scots pine
(Pinus sylvestrisstand inNorwaywhich they attributedo Ca displacement and competitidn.
the case of Mn, decreased foliage concentrations were likely due to reduced availability after
treatmentrelated increases in forest floor and surface soil pH (Chapter 3). This type of Mn
response is commonly found in forest liming studies (e.qg., Kreutzer 1995; Sikstrém 2002; Long
et al. 2015). M results were even more pronounced for raspberry foliage (TaBlesd5.3).

With respect to Zn, Merilda and Derome (2008) found a significant positive relationship
between current year foliage Zn and forest floor Zn for Norway spruce in Finland. This
relationship could also exist for white spruce and is consistent with the greater Zn inputs and
sustained foliage Zn concentrations found at Site 1 versus Site 2 bhdguress.3 and5.7).
Although foliage Zn increased with ATB treatments at botls sttee maximum concentrations
found were still within the natural range reported by Watt et al. (2012) for boreal white spruce in

northwestern Canada (2176.3 mg-kg').
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Increases in Site 1 white spruce foliage Ca, K, and (to a lesser extent) tedeflec
increased availability of these nutrients in plantation soils after ATB treatment (Chapters 3 and
4), but red spruce only showed increases in foliage K and P. Smallidge et al. (1993) and
Smallidge and Leopold (1997) discussed the variable responsa sgruce to liming in the
northeastern US and attributed contrasting results (including in some cases no change in foliage
Ca) to a range of possible causes such as differences in lime chemistry, soil chemistry, tree age,
tree genetics, and treatment hradologies. In this study, red spruce at Site 1 came from natural
ingrowth, and even though only visually healthy trees were sampled, they were not as large or as
vigorous as planted white spruce. Base saturation at Site 1 was less than 10% before ATB
treaments (Chapter 4), so it is also possible that Al toxieitgt impacted fingoot production
before treatment (Rengel 1992; Godbold et al. 2003). In additidhcah interfere with Ca
and Md* uptake (but not K) by adsorbing onto cells in the rootrtax and blocking normal
uptake of these nutrients (Tomlinsd®90; Rengel 1992). It is therefore possible that a
combination of competition and Al stress may have prevented an increase in Ca uptake by red
spruce over the study period. If this was the casatment related increases in mineral soil base
cation / Al ratiogChapter 4should eventually improve root function and Ca uptake by red
spruce at this site. This will be examined in future plot assessments. Uptake of Mg would also
have been impactduy the same factors noted for Ca, with the added burden of cation
antagonism.

There are very few data available on what would be considered optimum or adequate
nutrient concentrations in red spruce foliage, and no such data exist for Nova Scotiaetawev
study conducted in the early 1970s in Maine, USA looked at benchmark red spruce foliage data

in support of planned fertilization studies (Schomaker 1973). The author reported on current
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foliage nutrient concentrations from mature red spruce8{Bgears) collected from three
unfertilized sites in eastern and northern Maine over three years{9989. Assuminghe
cumulativeimpacts of acid deposition weséll relatively low during this time period, these data
provide some indication of typical nutrient concentrations in red spruce foliage on average sites
before significant base cation depletion. Reported N concentrations (mean 1.04%) were similar
to those foud for control plot red spruce in this study (1.17%), but reported base cation and P
concentrations were about double those found in Site 1 control plot trees 3T&HIeThis
supports the contention that Ca and Mg uptake by red spruce was restricieditt twhereas
foliage K and P concentrations in high rate plots appear to be moving in the right direction with
respect to historic data.

Based on foliage results, theodesigrowth response to ATB treatments at both sites is
not unexpected (Tabk4). N levels in both white and red spruce were close to optimum or
historic estimates (Tablés9 and5.10), and there was little available N added with ATB
treatments (Chapters 3 and 4). In addition, although foliage Ca, K, and P concentrations were
variably enhanced by ATB applications, Mg concentrations were not, and Mg concentrations
and/or imbalances may now be the main limiting factor for increased growth at thesasites
least in the neaterm (see also Chapter. 4 their metaanalysis oforestecosystenlime and
wood ash trials, Reid and Watmough (2014) notedtiimatsincetreatment was the most
important variable related to tree growth respohséthat other nutrient limitations couddso

preventgrowth responses in moreidic sites(despteincreass in pH andCa availability.
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Ground Vegetation Cover

Along with red raspberry, which is a commonly found pioneer species on harvest sites in
Nova Scotia, haicap mossHolytrichum commune vaperigonialg cover was unusually high
in all plots,in the range oft1-67% before treatment at Site 1 and58%6 at Site 2 (Tables6
and5.8). Hair cap moss is generally associated with open, disturbed sites (Ireland 1982), so
enhanced coverage was likely a dinexgult of site preparation treatments conducted prior to
planting at both sites. Indeed, surface impressions from the drum chopper used for site
preparation could still be seen in some sections of Site 1 at the time of study.

Although no data are availaki®mm other forest related ATB studies, it has been shown
that lime and wood ash amendments can have variable impacts on ground vegetation
communities- sometimesffecing diversity through promotion of more-éemanding or
pioneer species, or sometimeteafing abundance and/or vigour of already established species
(e.g., Falkengref®Grerup et al. 1995; Duliere et al. 1999; Pitman 2006; Pabian et al. 2012).
Vegetation communities can also be severely impacted when liming leads to increases in worm
populatbns that drastically alter forest floor habitat conditions (&Igore et al. 2015).

Despite significant treatment related increases in forest floor Ca and pH (Chapter 3),
ground vegetation communities in this study were not appreciably altered by ATB treatments in
the time periods assessed (Talésto5.8). This was likely due, in parto insignificant
treatmenteffectson available N as shown by both foliage (this Chapter) and soil data (Chapters 3
and 4), and to the already dominant presence of pioneer and/or disturbance related species in
these juvenile plantations. However, growader health and vigour may have been enhanced in

some cases, as evidenced by changes in red raspberry foliage chemistry F8gog4.1).
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This type of response was also noted by Pabian et al. (2012) in their study of liming impacts on

deer forage.

CONCLUSIONS

Alkaline-treated biosolids (ATB) were surfaapplied at 7.5 t hhand 15 t ha (wet
weigh? on two 1015-yearold white spruce plantations in Nova Scotia, Canada. Analysis of
current year foliage from planted white spruce and naturapree suggested pneatment N
concentrations were adequate, but that Ca, Mg, K, and P concentrations were low at both sites.
ATB treatments generally increased foliage Ca, K, and (to a lesser extent) P concentrations in
white spruce in relation to trement rate, but in red spruce only foliage K and P were enhanced.
Lack of Ca uptake by red spruce may have been due to a combination of competition and Al
stress on fine root development and function, but this could not be confirmed. Lack of Mg uptake
by both species was likely due to low amendment inputs, Mg leaching loss, and cation
antagonism. Foliage Zn increased in both species (especially white spruce), but concentrations
were still withinthenormal rangdor this elementin contrast, Mrconcentrations showed
delayed decreases which were attributed to reduced availability after increases in forest floor and
surface soil pH.

With respect to tree growthTB treatmentded to modestbut consistentincreases in
tree diameter increment aftevo growing seasons (especially in white spyubat had no effect
on height increment.ack of significant N inputs and/or Mg deficienclg®ly prevented more
of an earlytreatment esponse

Concentration trends in red raspberry foliage genenaillsored those found in white

spruce, but to a greater degree. However, ATB treatmentsdhsidnificanteffect on ground
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vegetation specieabundancer diversity. This was attributed to minimal changes in available N
from ATB treatments, and to the @rdy current dominance of pioneer and disturbance species
in these young plantation sites.

Vegetation uptake is vital to the success of any forest soil amendment program aimed at
increasing or replenishing nutrient sto(Bekley 1986) especially on séis with limited cation
exchange capacity (such as Site 2 in this study). Even in a plantation, siettimgld be
desirable fomon-cropvegetation to take up nutrients rather than have them lost to leaching, as
most of these nutrients will eventually imade available to crop trees when competing
vegetation declines. Nutrient sustainability and plantation productivity can both be enhanced if
amendment regimes provide necessary nutrients while keeping competing vegetation in check.

Results from this study, and related assessments of forest floor, mineral soil, and
leachate chemistry, suggest that ATB could be a good source of Cdimit€d plantation sites,
while also enhancing K and P uptake. Furthermore, application of AT&a@mile, freeto-grow
plantations does not appearatfectground vegetation diversity, and may even enhance the
guality of some browse species. However, assuming adequate N supplies, possible increases in
plantation productivity may be hindered by desesain available Mg and/or base cation
imbalances caused by ATB treatment. An additional Mg fertilizgopesibly a mixture of

dolomitic limestone and ATB, may be requiredsites deficient in both Ca and Mg.
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Figure5.1. Schematic of a single fiefdot with systematic sample points based on a random

initial bearing for Soil Pit 1 (S1). OctagonTR treatment area within 40 m x 40 m plot. Grey

circle: tree growth assessment area (10.3 m radius). C = porous cup solution samplers (4 m from
centre). P= paired PR8"-probes (8 m from centre). &3 = pretreatment soil pit sampling

sites (13 m from centre). s = pdstatment soil sampling sites (12 m from centre). V = ground

vegetation monitoring suplots (1314 m from centre).
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Figure5.2. Mean foliage Ca, Mg, K, and P by treatment and time for Site 1 white spruce (wS).

Values with different letters are statistically different at p = 0.05.
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Values with different letters are statistically different at p = 0.05.
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Figure5.5. Mean foliage N, S, Mn, and Zn by treatment and time for Site 1 red spruce (rS).

Values with different letters are statistically different at p = 0.05.
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Figure5.7. Mean foliage N, S, Mn, and Zn by treatment and time for Site 2 white spruce (wS).

Values with different letters are statistically different at p = 0.05.
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Table5.1 Summary of AB chemistry and estimated application rates for Site 1 an@ S\é
values were derived from esite sampling.

Site 1
Statistic  Ca Mg K N S P Mn Zn
(n=6) €éé. . e&...66é6eé.. (% wt) éé¢ é.(mgkg)...
Mean 206 041 172 085 013 052 218 494
Stdev 116 0.03 0.04 0.17 0.06 0.04 15 58
% CV 6 7 2 20 44 7 7 12
Estimated element application (kg ha)
Trmt Ca Mg K N S P Mn Zn
High 1,914 38 160 79 12 49 2.0 4.6
Low 957 19 80 39 6 24 1.0 2.3
Site 2
Statistic  Ca Mg K N S P Mn Zn
(n=4) éé. . &6...6666.. (% wt) €ééc¢ é.(mgkg)...
Mean 20.1 034 165 087 0.08 058 226 180
Stdev 238 0.04 032 0.04 001 0.05 38 14
% CV 12 10 19 5 13 9 17 8
Estimated element application (kg ha)
Trmt Ca Mg K N S P Mn Zn
High 1,870 32 153 81 7 54 2.1 1.7
Low 935 16 77 41 4 27 1.1 0.8
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Table5.2. Estimated foliage nutrient concentratia@tios in treated plots versus controls at Siteffom repeated measures analysis.

(wS = white spruce, rS = red spruce, Rasp = red raspberry, H = high ATB rate, L = low ATB rate).

Species Days Trmt Ca Mg K P N S C Mn Zn
wS 60 H 130 122 159 116 113 113 099 126 1.64
L 131 124 141 106 105 1.04 100 115 155
420 H 1.80 102 166 127 118 122 099 109 1.62
L 166 109 150 118 110 115 o099 116 1.74
773 H 165 094 180 131 098 1.06 nd 0.73 1.35
L 1.90 107 150 123 102 111 nd 0.88  1.67
rS 60 H 1.12 108 105 1.07 107 113 100 103 1.43
L 1.01 120 098 1.02 102 1.04 103 097 1.34
420 H 099 094 116 113 100 110 101 073 1.12
L .01 109 1.13 112 103 1.15 1.00 081 1.07
773 H 099 084 120 118 1.04 1.05 nd 071 1.07
L 1.03 104 113 111 103 1.04 nd 0.82 1.07
Rasp 359 H 156 097 163 156 099 095 1.00 o021 1.21
L 147 110 160 141 096 095 1.01 049 081
702 H 213 1.09 158 140 094 089 100 028 1.33
L 202 121 149 138 095 096 099 049 108
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Table5.3. Estimated foliage nutrient concentratratiosin treated plots versus contr@sSite 2—- from repeated measures analysis.

(wS = white spruce, Rasp = red raspberry, H = high ATB rate, L = low ATB rate).

Species Days Trmt Ca Mg K P N S C Mn Zn
wS 132 H 145 1.09 1.22 1.04 113 114 099 134 139
L 167 095 114 0.97 1.07 105 099 123 127
H 1.38 098 1.32 1.00 100 109 100 o090 112
L 1.23 090 113 101 1.00 1.00 1.00 0.90 1.08
Rasp 80 H 1.07 073 138 114 1.03 107 099 123 097
L
H
L

490

1.03 0.80 1.33 106 099 101 097 1.28 1.20
1.70 0.85 1.42 1.42 1.07 114 098 0.52 1.04
177 091 1.28 1.22 100 109 099 o070 108
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Table5.4. Cumulative dbh ad height incremerstfor trees at Site 1 and Site 2 bgdtmentind
year (WS =white sprucerS =red spruceH = high ATB rate, L = low ATB rate, C = contjol

Site 1 dbh increment (cm) Height increment (m)
2013 2014 2013 2014
Species Trmt n Mean Mean n Mean Mean
H 63 127 a 270 a| 63 036 a 0.75 a
wS L 53 115 ab 250 a| 53 035 a 0.73 a
C 46 106 b 230 b| 45 037 a 0.72 a
H 82 107 a 230 a| 81 041 a 0.77 a
rS L 85 100 b 220 a| 8 043 a 0.76 a
C 82 094 ¢ 200 b| 84 042 a 075 a
Site 2 dbh increment (cm) Height increment (m)
2013 2014 2013 2014
Species Trmt n Mean Mean n Mean Mean
H 150 147 a 293 a|150 052 ab 100 a
wS L 150 145 a 280 a|l1l46 054 a 099 a
C 121 135 b 262 b|121 049 b 095 a
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Table5.5. Species counts and calculagithnnon diversity index values for vegetation ground
plots before (2012) and after (2014) ATB treatment at Site 1.

Species Count Shannon Diversity Index
Control Low ATB High ATB Control Low ATB High ATB
2012 2014 2012 2014 2012 2014 2012 2014 2012 2014 2012 2014
10 8 7 12 9 7 141 119 171 200 116 1.01
7 5 8 7 7 8 1.07 082 148 135 129 148
4 2 9 12 8 10 045 069 177 158 142 1.26
10 10 12 10 11 13 112 131 179 188 180 1.47
7 7 10 9 9 8 1.05 165 1.07 094 0.79 0.66
8 8 8 9 8 9 125 134 126 131 088 1.09
12 10 6 8 11 8 1.88 116 125 126 124 119
6 9 5 7 10 8 057 067 067 051 154 141
11 15 6 8 9 10 124 102 088 054 140 1.25
Mean Mean Mean Mean Mean Mean

8.3 8.2 7.9 9.1 9.1 9.0 112 109 132 126 128 1.20

Paired t-test Paired t-test Paired t-test Paired t-test Paired t-test Paired t-test

0.89 0.14 0.87 0.87 0.39 0.23
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Table5.6. Mean percent covéor all Site 1 ground vegetation species with at least one possédsdecomparison for percent cover

before (2012) and after (2014) ATB treatment. Results with at least 90% confidence hasieaoleeh

Control Low ATB High ATB
2012 2014 2012 2014 2012 2014 Paired t-test
Species Mean Stdev| Mean Stdev| Mean Stdev| Mean Stdev| Mean Stdev| Mean Stdev| C L H

Agrostis spp. 0.1 - 0 - 1 - 1 - 08 05| 06 05 - - 0.39
Carex brunnescens 13 18 8 11 5 7 06 06| 01 00| 01 0.1 | 050 050 0.50
Carex communis 5 - 2 - 7 4 3 2 2 2 1 1 - 0.00 0.39
Carex deblis 15 0 9 1 13 4 8 10 22 25 21 27 | 0.11 0.50 0.50
Cladina rangiferina - - 0.1 - 8 7 0.1 - 01 0.1 - 0.50 -
Cladonia cristatella 1 1 04 05 2 1 1 06 06 | 00 0.1 | 050 0.05 0.44
Cornus canadensis - - - - 34 30 35 18 69 20 61 17 - 0.87 0.67
Danthonia spicata 9 9 2 28 13 20 10 23 4 13 17 | 0.17 0.04 0.50
Dicranum spp. 2 2 3 1 18 18 7 11 06 0.6 0.37 0.50 0.22
Euthamia graminifolia 4 2 08 05 3 2 3 2 0.19 0.20 0.20
Hieracium spp. 1 08 | 05 1 3 0.5 0.15 0.25 0.14
Maianthemum

canadense 2 1 2 1 06 06 | 03 04 3 1 1 1 0.96 0.37 0.09
Polytrichum commune | 41 32 38 31 67 25 58 33 45 28 44 26 | 0.61 0.88 0.66
Rubus allegheniensis - - - - - - - - 3 1 0 0 - - 0.20
Rubus idaeus 47 29 24 25 11 7 11 11 16 11 11 10 | 0.06 0.97 0.28
Solidago canadensis 6 0.8 1 8 6 6 6 11 8 7 6 0.03 0.07 0.22
Trientalis borealis 1 0.9 1 3 4 3 4 2 1 2 1 0.34 1.00 0.65
Veronica officinalis - 0 - 1 - 01 01 1 0.5 1 3 - - 0.83




Table5.7. Species counts and calculated Shannon diversity index values for veggtatiod
plots before (2012) and after (2014) ATB treatment atSite

Species Count

Shannon Diversty Index

Control Low ATB High ATB Control Low ATB High ATB
2012 2014 2012 2014 2012 2014 2012 2014 2012 2014 2012 2014
9 11 9 8 8 8 132 119 186 165 144 102
5 7 6 7 7 7 089 120 134 146 067 057
9 7 9 10 7 8 149 139 154 136 168 1.60
8 9 7 8 9 6 162 183 083 090 161 1.19
8 9 9 9 9 8 190 205 199 191 105 104
7 11 9 11 6 7 162 171 111 183 082 130
8 6 7 6 8 7 159 119 033 040 161 1.39
9 8 7 9 5 5 117 104 040 069 119 0.96
9 7 12 9 7 6 097 113 120 086 119 0.76
Mean Mean Mean Mean Mean Mean
8.0 8.3 8.3 8.6 7.3 6.9 140 141 118 123 125 1.09
Paired t-test Paired t-test Paired t-test Paired t-test Paired t-test Paired t-test
0.66 0.70 0.31 0.83 0.64 0.13
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Table5.8. Mean percent covéor all Site 2 ground vegetation species with at least one possédedomparison for percent cover

before (2012) and after (2014) ATB treatment. Results with at least 90% confidence have been shaded.

Control Low ATB High ATB
2012 2014 2012 2014 2012 2014 Paired t-test

Species Mean Stdev| Mean Stdev| Mean Stdev| Mean Stdev| Mean Stdev| Mean Stdev| C L H
Aster acuminatus 12 12 4 2 13 11 14 14 22 14 16 21 | 050 0.74 0.62
Betula allegheniensis - - - - 12 10 25 21 - - - - - 0.17 -
Carex brunnescens 14 13 7 10 2 4 4 2 2 0.07 0.42 0.08
Carex communis 8 9 12 19 7 7 12 21 12 21 | 0.64 1.00 0.37
Cladonia cristatella 3 5 1 2 0.1 - 0.1 0.1 2 2 0.2 0.3 | 044 - 0.24
Danthonia spicata - 17 19 6 6 3 1 20 - 30 - - 0.58 -
Dicranum spp. 4 4 1 1 2 2 1 1 1 0.37 0.65 0.39
Epilobium angustifolium 14 12 9 6 7 8 6 6 12 5 6 0.33 0.41 0.03
Euthamia graminifolia 4 - 2 - 1 - 0 - 7 4 3 0.0 - - 0.41
Hieracium spp. 5 0 4 3 2 1 1 0.0 2 2 5 0.0 | 0.87 050 0.25
Maianthemum canadense| 2 1 1 1 1 1 1 1 1 0 1 1 0.50 0.91 0.97
Osmunda claytoniana - - - - 1 0 2 - - - - - 0.70 -
Plurozium schreberi 14 16 10 7 1 1 4 6 8 7 5 0.59 0.26 0.80
Polytrichum commune | 25 32 20 20 58 26 54 32 46 28 45 29 | 046 0.36 0.77
Ribes triste - - 5 - 8 4 9 2 - - - - - 0.50 -
Rubus allegheniensis 3 - - - 31 51 33 54 - - - - - 0.50 -
Rubus hispidus 19 29 24 41 10 12 8 7 35 7 21 13 | 0.32 0.79 0.18
Rubus idaeus 17 24 27 28 21 21 9 9 18 14 26 29 | 0.26 0.12 0.26
Sambucus racemosa 5 - 2 2 5 - 6 6 5 1 3 4 - - 0.80
Solidago canadensis 25 23 5 5 - - 1 0.4 5 - 0.3 0.4 | 0.25 - -
Viola spp. 1 1 1 1 - - 0.1 - 10 14 10 14 | 0.47 - 0.50




Table5.9. Mean nutrient concentrations (mm?) in current year white spruce foliagefore

treatment (2012) and at ewnditrial (2014) for Site 1 and Site 2 along with optimal

concentrations for boreal white spruce reported by Quesnel et al. (2006). H = high ATB rate, L =
low ATB rate, C = control.

Site 1
Date Trmt Ca Mg K P N Mn
2012 H 24 06 24 10 126 0.56
(Pre) L 1.8 05 26 10 123 0.52
C 23 06 27 11 134 0.62
2014 H 36 06 51 12 132 0.50
(End) L 41 07 42 11 137 0.60
C 23 07 28 09 135 0.68

Site 2
Date Trmt Ca Mg K P N Mn
2012 H 22 06 33 12 144 0.61
(Pre) L 23 06 34 12 154 057
C 23 06 34 11 136 0.59
2014 H 33 07 55 14 147 0.63
(End) L 29 06 47 14 148 0.63
C 24 07 42 14 148 0.70
Optimum 65 10 73 19 123 0.39
Minimum 43 nd 55 16 106 0.30
Maximum 86 13 92 23 140 0.50
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Table5.10. Mean rutrient concentrations in current year red spruce folsjere treatment
(2012) and at endf-trial (2014) for Site 1 along with reference concentrations found for mature
red spruce in Maine, USA (Schomal€&73).H = high ATB rate, L = low ATB rate, C =

control.

Date Trmt Ca (%) Mg (%) K (%) P (%) N (%)
2012 H 0.129 0.057 0.437 0.096 1.23

(Pre) L 0.134 0.060 0.445 0.103 1.22
C 0.124 0.058 0.393 0.090 1.15

2014 H 0.154 0.052 0.605 0.108 1.24
(End) L 0.162 0.065 0.571 0.101 1.23
C 0.156 0.062 0.503 0.091 1.17

Data from Maine, USA

Mean 0.346 0.115 0.847 0.220 1.04
Stdev 0.114 0.025 0.205 0.039 0.09

162



CHAPTER 6

ELEMENT FLUXES IN TW O FOREST SOILS AMENDED WITH LIME, FLY AS H,
AND ALKALINE -TREATED BIOSOLIDS UNDER CONTROLLED CONDITIONS
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2 Department of Plant, Food, and Environmental Sciences, Dalhousie University, Truro, Nova
Scotia, Canada
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ABSTRACT

Two forest soil Bhorizons were treated witilkalinetreated biosolids (ATB)owdered lime,

andfly ashunder controllectonditionsto compargH impacts andbn diffusion fluxesover a

10-week periodSoil pH increased significantly in all treated soils versus the control, with lime
providing the greatest increase followed by ATB and fly ash. ATB was the most effective in
providing available C4, but least effective in providing available Mgwhere lime was most
effective. K andSQy>-S availability was higlkst in fly ash due to increased inputs anchiga
electrical conductivity of this amendment. TA¥a{NOs-N + NH4"-N) availability increased in

ATB treated soils, stayed the same in lime treated soils, and decreased in ash treated soils. This
was related to higher N content in ATB versus lime and the high C:N ratio of fly ash which led

to increased N immobilizatio PQ*-P availability was low in all treated soils, but slightly
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enhancedn ATB treaed soils F€** and AP* fluxes were not greatly affected by any treatment,

but trace metaMn?*, Cd*, CW*, PI¥*, Zr?") fluxes generally decreaseder time with

increasing pH. Enhanced organic retention of metals was likely also a factor in ash treated soils.
Results suggest ATB is equally or more effective at providing Qenasandfly ash, but less

effective at providing Mg due to low inputs and cation contipeti This isconsistent with
resultsfound iInATB field trialsand suggestthis amendmertould bea good source of Ca in
Calimited soils adong as potential impacts ather base cations (especidilyg) arealso

considered and addressed.

KEYWORDS

Alkaline-TreatedBiosolids;Lime, Fly Ash, Forest Soil, lon Fluxes

INTRODUCTION

NortheasteriNorth American foests have beampactedoy decades of acid deposition
resulting invariablelossof nutrientbase catiog[calcium Ca), magnesiumi{lg), potassium
(K)] in many affected soils3/atmough and Ouimet 2005; Lawrence et al. 20IB¢ impact a
Cahas beenfoparticular concern du: (i) its documented widespread lo&sg., Likens et al.
1998; Watmough and Dillon 2003; Bedison and Johnson 2(i)G)s importance in overall
forest ecosystem healfb.g.,Schaberg et al. 200Houle et al. 2006)ii) its importance in
commercial tree productivity and health (e.g., DeHayes et al. 1999; Huggett et al. 20@ix), and
its significantpotential fo addedloss through commercial harvestifeyg., Federer et al. 1989;

Adams et al. 2000).
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Even though theotential impact®f acid deposition onortheastern forest soils have
been well documentetherehas beetittle use of soil amendments offset the loss of base
cations in affected soildMoore et al. 2015)In contrast/ime has been used in some European
countries since the 1980s to mitigate the impacts of acidic deposition (e.g., TomBeHn
Nilsson et al. 2001Meiwes et al. 2002 with wood ash alsbeingused inNordic countries to
mitigatethe impacts o&cid depositiorandbiomass harvesting on losigrm site productivity
(e.g., Levin and Eriksson 2010). Use of wood ash in Canada is also being investigated as a
potential soilamendment to offset nutrient losses. In a recent trial in Ontario, Pugliese et al.
(2014) found ash amendments to be of overall benefit with little negative impact on soil
chemical or biological processes. However, they also indicated that ash propedidsefefore
appropriate application rates) were variable and dependent on source supply.

Despite the potential for lime or wood ash amendments to offset soil acidibaaed
cation lossthere can be negative impacts if these amendments are improperly used. For
example, when application rates are too high: (i) microbial, ffeasta, and ground vegetation
communities can be significantly altered; (ii) organic matter decomposition ratée cpeatly
accelerated; and (iipitrate (NOs") production can be increased beyond ecosystem demands
leading to increased leaching (Kreut2805; Pitmar2006). As is usually the case in forestry,
these risks are soil and/or stige specific. In addibn, treatment responses can be highly
variable, as recently discussed by Reid and Watmough (2014) imtbtianalysis of liming
and wood ash treatment effects. These authors found that, in general, soil pH and foliar Ca
concentrations were more respeeso liming treatments, whereas tree growth petent base

saturationvere more responsive to ash treatments. However, there were also a significant
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number of studies assessed where neither treatment resulted in any significant response, or where
respamse varied by site conditions.

Papermill sludge and municipal biosolids (sewage sludge) have also been used as forest
soil amendments in some jurisdictionatysik et al. 2001)Papermill sludge can be a
significant source of bascations (e.g., Eanylo et al2004), but its potential use is limited by
source location and the type of pulping process used wlffiettssludge chemistry (Scott and
Smith 1995). In addition, this material often has a very high C:N ratio which can negatively
impact postreatment decomposition ahtavailability (Matysik et al. 2001)In their most
common form, municipal biosolids are mainly a source of NpdrosphorousR) (Cogger et al.
2006), unless they have been alkafireated inwhich case they are also consiakgeliming
amendmen(USEPA 2000) Although alkalinetreatedbiosolids(ATB) areroutinely used in
agriculture, their use in northeastern forests has been minimal t@Bdaig&t(s et al. 2009).
Appropriate use of ATB could, however, offset nutrient deficiencies caused by acid deposition
and forest harvesting, while also providing another@s®lfor this wastetream product.

A field trial was established in Nova Scotia, Canada to studgythanics of surface
applied ATB on white spruce plantation€lfapters &5). As part of this study, eompkementary
greenhousérial wasalsoset up to assegdi impacts and ioflux ratesin ATB treatedmineral
soil, and to compareesultswith those found using more traditiodahe andwood ash

amendmentsThis chaptedescribesand discusses results from this trial

METHODS
TreatmentsTwo different forest soil Biorizons were used for this study. Soil 1 was a

shaly, loam soil derived from slate dominated glacial till and Soil 2 a gravelly/cobbly, sandy
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loam soil derived from granitic glacial till. Soils were sourfredn untreated areas withspruce
plantation dies used for related ATB field trials (Chapter 3). A summary of soil attributes based
on field trial sampling is shown in Table 6.1. Approximately 200 L of each soil was collected
and coarsely sieved (6.4 mm) to remove lagieed gravel and cobbles. Eaibved soil was
mixed with a shovel in a large wooden box lined with tarp, then sequentially divided into seven
smaller containers (one for each planned treatment) and mixed again to ensure homogeneity.
Treatments consisted of two ratesAdB (B1, B2), ime (L1, L2) andfly ash(Al, A2)
amendments plus a control (C). Mixed soils were placed into 1 quart (0.95 L) Coex square pots
to about 2.5 cm from the top. Amendments were then added to the surface and mixed in using a
stainlesssteel spoon (Figure 6.1¢ontrol pots were also mixed since this process caused soils to
settle within the pots. After mixing, pots were toppgxwith soil and placed randomly in 14 x
10 grids inside a greenhouse facility (Figure 6.2).

One cation and one anion Plant Root Sator (PRSM) probe (Western Ag Innovations
Inc.) was inserted into each pot to capture ion diffusion fluxes (Figure 6.3). A"RR&be is an
ion exchange membrane encased in plastic that provides a dynamic measure of ion flux to a
guantifiable surface aa and represents planittrient supply ratefor the duration of burial
(Western Ag 2010). Pots were watered once a week to approximat2gfaonoisture content
by volume MCv) based on readings from dummy soil pots placed alongside treated pots.
Waterirg rates were not adjusted to account for possible effects of amendments on moisture
holding capacity. Air tempeture was kept at approximately 20°C via an automatic greenhouse
heating and venting system. A clear plastic sheet was placed over the petsnbettering to
help conserve moisture. éssencehe watering and temperature regime mkeit a weekly

rain event during the summer growing season that would keep soil moist, but not wet.
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Sampling Five pots associated with each treatment were randestdgted for sampling
after 1 week, 3 weeks, 6 weeks, and 10 weeks"PR®bes were removed from sampled pots
and refrigerated in individual plastic bags for later cleaning wittodized water. Cleaned
probes were sent to Western Ag Inc. fehimuseextraction and analysis of calcium €a
magnesium (M§), potassium (K), ammonium (NH'-N), iron (F€*), manganese (M#),
aluminum (AP*), cadmium (Cé&"), copper (Ce&"), lead (PB", zinc (Zrt"), nitrate (NQ-N),
sulphate (S@¥-S), and phosphate (RBP). Probesvere eluted with a counterion solution (0.5
N HCI) for one hour followed by colanetric analysisNOs™-N, NH4*-N) and ICP analysis (all
other elements\Western Ag 2010).

To aid analysis and interpretation of ion flux ddtapercent MCv was measured in each
sampled pot after probe removal using a Hydros&smisture meter(ii) bulk density (Db)
samples were collected from al&ek sample pots after probe removal usingrecB soil corer
(90.6 cnt sample volume)and (iii) dectrical conductivity (EC) and pH (5:1 water) were
measured in all Hveek pot soils after probe removal using an ExStik EC500 meter (Extech
Instruments).

AmendmentsAmendments used for this study were locally sourced frevfirdl
Systems Canada (ATB), Jiving Ltd. (fly ash), and Mosher Limestone Company Ltd.
(powdered lime)All three products are routinely used as liming amendgiaeritova Scotia
agricultural soilsATB application rates were intended to roughly match those used in related
plantationfield trials (7.5 and 15 t NaATB wet weight, Chapter 3) which were equivalent to
about 1,000 kg haCa and 2,000 kg haCa respectivelyLime and fy ashapplication rates were
calculated to roughly match the Ca content of ATB applications. All céilcotawere based on

typical moisture and Ca contents for each product (Table 6.2).
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Amendment samples (n = 5) were analyzed after trialjgéd quantify actual element
loads, EC, pH, and C:N ratio. Total Ca, Mg, K, P, and metals were determined thitoiggh n
acid digestion using a Microwave Accelerated Reaction System (MARS) followed by AAS
analysis. Total C, N, and S were measured using a LECO induction furt@aadipH (5:1
water) were measured using an ExStik EC500 meter (Extech Instruments).rogsitent was
determined by oven drying samples at 105° C for 48 hours.

ATB and 1y ash samples had much higher moisture contents than expected,
approximately2x for ATB (64% versus 33%gnd3x for ash (61% versus 19%). This was later
attributed to condesation that had formed in the amendment sample containers acquired for this
study. Bagged lime samples had low moisture content as expected (< 186nt&# in ash
(7.4%) was in the expected range (Table 6.2), but Ca was higher than expected in AT sampl
(28%) and lower in lime samples (19%). After adjusting for moisture content and average Ca
concentrations, estimated Ca application rates were 791k@h} 1,583 kg hd (B2), 992 kg
ha! (L1), and 1,984 kg ha(L2), 451 kg ha (A1), and903 kghat (A2) (Table 6.3).

Amendment pH, EC, and C:N ratios are shown in TableftlAough all amendments contain
carbonates, ATB andyfashalso contain organic @illis and Price 201,0Merino et al. 2017)
and it is this organic fraction that is of irést here.

Statistical AnalysisAll response variables were analyzed as repeated measures using
SAS PROC MIXED (version 9.3, SAS Institute Inc.). Fixed factors and effects were treatment
(B1, B2,L1, L2,A1, A2,C), time (week 1, 3, 6, and 10 sintteatment), and treatmeritime
interaction, with soil moisture content at time of assessment used as a covariate. Normality of
error terms was assessed for each variable using normal probability plot of residuals, and if

violated, power transformationsene used. Both compound symmetry and unstructured

169



covariance structures were tested to see which gave the best results. Significance of model terms
was assessed at alpha = 0.05. Significance of multiple means comparisons was assessed at alpha

= 0.01 to redce the possibility of Typedrror inflation resulting from the large number of

treatment combinations and significant interaction effect found during data analyses. Plots of

means were generated usMitab software version 17 (Minitab Inc.). Soil mige (MCv),

Db, EC, and pH measures were assHowehed using W

comparisons of means (alpha = 0.05).

RESULTS and DISCUSSION

Db, pH, EC, MCvThere were no differences in mean Db between treatments indicating
relatively uniform preparation of test pots for each soil (Table 6.5). However, significant pH and
EC differences were found which reflect differences in amendment attributes. Looking
seprately at low rate (Al, B1, L1) and high rate (A2, B2, L2) applications, lime treated soils had
the highest pH in both soils studied followed by ATB and ash treated\¢alles ranged from
6.17 to 5.52 in Soil 1 and 5.94 to 5.b6Soil 2, with significantly lowervalues of 4.23 and 4.20
in control soilgTable 6.5). Sharifi et al. (2013) found a similar relapweresponsén
agricultural soil using the sanliene andfly ash amendments applied in this studile Price et
al. (2015) recorded the sarnype ofrelativeresponse with ATBThe opposite trend was found
for EC measures with ash treated soils having the highest EC values followed by ATB and lime
treated soil (Table 6.5). Except for the L1 treatment in Soil 2, all treated soils also had
significantly greater EC values than control soils. Higher EC values found in ash treated soils

reflect the much greater EC values for this amendment (Table 6.4) as well as higher amendment
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inputs (Table 6.2). Also, weekly watering rates did not allow for aaghlieg loss of
accumulated salts/ions from any treated soil.

Except for PG@*-P, soil moisture content at time of sampling was an important covariate
for most treatment responses (Table 6.6). This is consistent with research that has shown ion
diffusion in soils to be governed by soil water content (Olesen et al. 2001; Hu and Wang 2003),
which in turn is related to soil texture, organic matter content, and porosity. Using methods
described by Olesen et al. (2001), a diffusion threshold percent soil reaistutent by volume
(T-MCv) was calculated for Soil 1 and Soil 2 using average coarse fragment cobbdieable
6.5) and percent clay and silt data (Table 6.1). These thresholds reflect MCv values below which
diffusivity is thought to beseverelyrestricted by a breakdown of diffusion pathways. As shown
in Table 6.7, mean soil MCv at time of sampling was greater in ash treated soH$4 1826
versus other soils (9.21.2%) and closer to the estimated diffusiviCv for each soil (17%
for Sol 1 and 14% for Soil 2). This suggests there were longer periods of time between weekly
watering events whreash treated soils had MCv conditions more conducive to diffusion than
either control, ATB, or lime treated soils. Higher organic matter contdht @ash versus other
amendments was the likely cause of increased moisture retention in these soils.

Base cationsBase cation (G4, Mg?*, K*) fluxes showed highly sigficant (p < 0.01)
treatmerix-time interactions for both soils (Table 6.6). Ca flunese significantly greater than
the control for all treated soils by week 3, with fluxes in ATB and ash treated soils significantly
greater (or nearly so) than fluxes in lime treated soils by week 10 (Figures 6.4 and 6.5). In
contrast, Mg" fluxes in limedsoils were 47 times greater than those found in ash treated soils
by week 10, and up to 39 times greater than ATB treated soils (Figures 6.4 and 6.5, Tables 6.8

and 6.9)K™ fluxes in ash treated soils were much greater than all other treatments,oed £ho
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decreasing trend over timethe opposite of Gdand Md* (Figures 6.4 and 6.5). Also, total K
fluxes in control soils were significantly greater than ATB and lime treated soils by week 10
(Figures 6.4 and 6.5, Tables 6.8 and 6.9).

Greater C#& fluxes in ATB versus ash treated soils generally reflect differences in Ca
inputs (Table 6.3), but higher average MCv in ash treated soils (Table 6.7) suggest differences
would have been even greater under more uniform moisture conditions. DifferencegpuiSa i
do not, however, account for the lowerrCiluxes recorded for lime treated soils (Tables 6.8 and
6.9) which had greater Ca inputs than both ATB and ash treated soils (Table 6.3). This suggests
more Ca in ATB and fly ash was in an immediately awégldorm compared to lime where
ongoing dissolution of CaCfvas required for G4 availability. This isalsosupported byhe
higher EC values for ATB and fly ash compared to lime (Table 6.4).

Similarly, the much higher Mg fluxes found in lime treated soils versus other soils
(Tables 6.8 and 6.9) cannot be fully accounted for by differences in Mg inputs alone. As noted,
Mg?* capture in lime treated soils was up to 7 times greater than ash treated soils and 39 times
greaterthan ATB treated soils, but Mg inputs for lime and ash were only about 6 times greater
than ATB (Table 6.3). Increased Rtgapture in lime treated soils could be related, in part, to
|l i me having fewer “competing” ash)thbutdhe ckbfhan ot
any significant difference between fgapture in ATB treated and control soils (Figures 6.4
and 6.5) suggests there must have been a relative balance between the rele&skarfiMJB
and the diffusion gradient and exchange began PRSM-probes. This lack of Mg response in
ATB treated soil is also consistent with plantation field trial results (Chap#xs 3

With respect to Kfluxes, fly ash had much higher K inputs than other amendments

(Table 6.3) and this was evident lrethigh K fluxes found in ash treated soils (Figures 6.4 and
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6.5). The immediate response of &so reflects the high EC for this amendment (Table 6.4).
However, decreasing*neasures over time indicates other cations (especiaily @are
displacing K in PRSM-probes as equilibrium conditions were established. This was likely also
the case for other treatments where low K inputs and cation displacement resulted in control soils
having significantly greater total*kcapture than ATB and lime treatedIsdy week 10
(Figures 6.4 and 6.5).

N, P, and SAs with base cations, total N (N&N + NHs*-N), PQ*-P, and S-S
fluxes showed sigficant treatmenk-time interactions for both soils, but FOP responses
were not as highly significant as othens (Table 6.6). Total N fluxes in ATB treated soils were
significantly greater (or nearly so) than control soils by week 10, while fluxes in ash treated soils
were significantly less (Figures 6.6 and 6.7). Except for one measurement, N fluxes in lime
treded soils were the same as control soils over the entire study period (Figures 6.6 and 6.7).
Also of note was the decrease in N\ fluxes for all treated soils compared to controls after
week 3, with N@-N making up almost all N fluxes measured in wegkasd 10 (Figures 6.6
and 6.7)PQ:*-P fluxes were very low and more variable than total N fluxes (Tables 6.8 and
6.9), with only ATB treatments showing significant increases versus the control for Soil 1 (high
rate) and Soil 2 (both rates) by week 10 (Figure &8)%-Sfluxes in ash treatksoils were
much greater than all other treatments (abelf fimes) as well as control soils (more than 20
times) (Figure 6.8, Tables 6.8 and 6.9), while fluxes in lime and ATB treated soils were also
significantly greater than the control for Soil 1t Imot for Soil 2 (Figure 6.8).

Increased N capture in ATB treated soils (Figures 6.6 and 6.7) reflects the greater N
inputs in this amendment (10 times more tiiarash and over 200 times more than lime, Table

6.3), but studies have shown that only sarhthis N is immediately available (Price et al. 3D1
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which limited total capture levels in this study (Tables 6.8 and 6.9). Similarly, no difference in N
capture between lime treated and control soils reflects the lack of M EntiendmentThe

significant decrease in total N capture for ash treated soils was, holalgmmore related to C
inputs than N inputs. The C:N ratio of fly ash was 177, more than 10 gireater than the ratio

for ATB (Table 6.4) Although fly ash usually has less organith@n bottom ash (Merino et al.
2017), the high C:N ratio of this product suggests significant organic C wastadaddtreated
soilswhich probablyresulted in enhanceadicrobial uptakeof N over the study period. Lastly,

the drop in NH*-N and shift toNOs™-N fluxes from week 6 onward was likely related to the
increase in soil pH noted for all treated soils (Table 6.5) which would tend to promote increased
nitrification (e.g., Zebarth et al. 2015).

In addition to being low, PS-P fluxes were not wettorrelated with MCv for all treated
soils (Table 6.6). This suggests P was essentially unavailable in these soils for the duration of
study, either bound as insoluable Al/Fe/Ca phosphates or as organic P. Only with ATB
treatments were PO-P fluxes startig to increase by week 10 (Figures 6.8). This was likely due,
in part, to the more favourable Al/Fe:P ratio in ATB compared to fly ash (Table 6.3). Sharifi et
al. (2013) found P uptaka ryegrassI(olium multiflorum) to be reduced in agricultural soils
treated with the same fly ash used in this study. They attributed this to the relatively high content
of Ca, Fe, and Al (versus P) in this amendment.

As with K, fly ash had much higher S inputs than other amendments (Table 6.3) which
led to the much greater $OS fluxes recorded in ash treated soils versus ATB and lime treated
soils. Furthermore, this anion was immediately available as shown bfiuMgheasures in

week 1 samples (Figure 6 8hich alsorefleciedthe high EGof this amendment (Table 6.4).
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This is consistent with other studies that show relatively high S content in fly ash (e.g., Pugliese
et al. 2014).

Metal ions Cd** fluxesinboh soi |l s were highly variable
results that hindered statistical analysis. However, looking only at the more consistent week 10
data set, Cd fluxes were very low in all treated soils and no different than control soils (Figure
6.9). This reflected low Cd content in the amendments used (Table 6.3). All other mektals (Fe
Mn?*, AI®*, CW, PI¥*, Zr?") showed sigific ant treatmenk-time interactions for both soils

(Table 6.6). Several trends in metal ion fluxes were evident:

1 Therewas little difference in F& and AF* fluxes between treatments and controls, as
noted by the lack of significant treatment response f&tiAlboth soils and F&in Soil 2

(Table 6.6).

f Despite initial increases in ash treated soils>Muxes tended to decrease over time in
all treated soils compared to control soils (Figures 6.10 and 6.11). Early increases in ash

treated soils reflected the greater Mn content in this amendment (Table 6.3).

1 By week 10, total metal fluxes in all tredtsoils were generally the same or less than
those measured in control soils (Tables 6.8 and 6.9). The main exception to thisivas Cu
where fluxes in ATB treated soils were significantly greater than control soils (Figures
6.12 and 6.13). Total Gtfluxes were, however, low for all soils (less than 2 pg 18cm

for Soil 1 and less than 1 ug 10@rfor Soil 2) (Tables 6.8 and 6.9).

By week 10, ZA" fluxes in control soils were significantly greater than fluxes in all

treated soils (Figures 6.12 and 6.13).
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1 By week 10, the lowest Pband Zrt* fluxes were found in ash treated soils (Figures 6.12

and 6.13).

Trace metal (Mf, Ccf*, CU?*, PI?*, Zr?*) solubility and availability in soils isontrolled
by adsorption/desorption, precipitation/dissolution and dergtion reactions, which are in turn
affected by soil pH, CEC, organic matter content, and the presence of competing ions (Silveira et
al. 2003). For trace metal fluxes in this study, the most relevant of these factors was the change
in soil pH over timeTracemetals are generally less soluble at higher pH values (Basta et al.
2005; Gagnon et al. 2013) and this was especially evident withirzall treated soils and Pb
and Cid"in ash treated soils. Pugliese et al. (2014) reported similar resuitsristudy of
various wood ash amendments, noting in particular a decrease in available Pb in treated soils.
Yoo and James (2002) also reported pH as a major controlling factor in the availability of Zn in
soilstreated with biosolids. In this study, greabrganic retentioprobablyalso contributed to
thelow metal fluxes foundh ash treated versus ATB and lime treated soils, either through

specific adsorption or increased joldpendent CECSilveira et al. 2003).

CONCLUSIONS
This study compared cation and anion diffusion fluxes in two forest mineral soils treated
with alkalinetreated biosolids (ATB)owdered lime, anfly ashunder controlled conditions
over a 16week period.
Soil pH increased significantly in all treateails versus the control, with lime providing
the greatest increase followed by ATB and fly ash. ATB was the most effective in providing

available C#, but least effective in providing available #Mgwhere lime was most effective’ K
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availability was higtearly on in ash treated soils, but decreased over time with increasing cation
competition. Cation competition also reducedddpture in ATB and lime treated soils versus
control soils. Compared to the control, tota{W0s-N + NHs"-N) availability increased in ATB
treated soils, stayed the same in lime treated soils, and decreased in ash treated soils. This was
related to higher N content in ATB versus lime and the high C:N ratio of fly ash which led to
increased N immobilization. Increasing pH also poted nitrification in all treated soils. RO
P availability was low in all treated soils, but slightly enharinedTB treatd soils SQ?-S
availability was high in ash treated soils which reflegezhter fly ash S content asbictrical
conductivityversus other amendmeni®* and AF* fluxes were not greatly affected by any
treatment, but trace met@n?*, Cf*, C/*, PIz*, Zr?*) fluxes generally decreaseder time
with increasing pH. Enhanced organic retention of metals was likely also aifaatdr treated
soils.

This study was not designed to mimic the potential use of A, orfly ash
amendments in forestvhere these materials would need to be sudppdied. Instead, theain
objective was to see how ATB compared to fly ash and imendments undenore traditional
use, i.e.jncorporated into mineral solHowever, generalanments cailve made regarding
likely response trends in a forest setting

Results suggest ATB is equally or more effective at providing Genasandfly ash,but
less effective at providing Mg due to low inputs and cation competition. Looking at K, fly ash is
a much greater source than either ATB or lime, but leaching loss of this mobile cation would
likely be extensive in a forest setting due to cation exahang the high SOnput also
associated with fly ash. With respect to N, ATB did not greatly increase availability early on, but

lime does not contain any N, while fly ash application could induce-grontN deficiecies
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due to its high C:N ratio. ATBral fly ash also contain P, but availability may be lower in fly ash
amended soils due to its higher Fe and Al content and reduced impact on pH compared to ATB.
Lastly, fly ash does appear to have more ability than ATB to retain trace metals, but metal
coneentrations are low in both amendmeantsith the possible exception of Mn in fly ash.
Impurities in lime ould dso add more Mn to soil than ATB.

Overall, ATBtreatmentesults from this study are consistent with those found in
plantation field trial{Chapters &), and suggest this amendmeatild bea good source of Ca
in Calimited soils as long as potential impacts on Mg and K availability are also considered and

addressed.
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Figure6.1 Sample soil pots before incorporatioraofiendments. Clockwise from top left:

control, alkalinetreatedbiosolids (ATB), fly ash, and powdered lime.
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Figure6.2. Random number generated distribution of soil pots forlSap) and SoiP
(bottom)eachin a 14 x 10 grid. C = control, L1 and L2 = powdered lime amendment, A1 and A2
= fly ash amendment, Bdnd B2 = alkalindreatedbiosolids (ATB) amendment.

180



Figure6.3. Soil 2 treated pots with PRSprobes. Each pot was numbered and labelled by

treatment as shown in Figure 6.2.
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Figure6.4. MeanCa*, Mg?*, and K fluxesby treatment andrieekfor Soil 1. Values with

different letters are statistically different at alpha = 0.01
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Ca flux (pg/10 cm2) - Soil 2
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Figure6.5. MeanC&*, Mg?*, and K fluxesby treatment andeekfor Soil 2. Values with

different letters are statistically different at alpha = 0.01
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Total N flux (ug/10 cm2) - Soil 1
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Figure6.6. Meantotal N (NOsz-N + NH4™-N), NOs-N, andNH4"-N fluxesby treatment andieek
for Soil 1. Total N values with different letters are statistically different at alpha =.0.01
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Total N flux (pg/10 cm2) - Soil 2
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Figure6.7. Meantotal N (NO3-N + NH4"-N), NO3-N, andNH4*-N fluxesby treatment andieek
for Soil 2. Total N values with different letters are statistically different at alpha =.0.01
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P flux (ug/10 cm2) - Soil 1 P flux (pg/10 cm2) — Soil 2
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Figure6.8. MeanPQs*-P andSQy?-S fluxes by treatment andreekfor Soil 1 (left side) and Soil 2 (right

side) Values with different letters are statistically different at alpha = 0.01
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Cd flux (ng/10 cm2) d Soil 1
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Figure6.9. Cadmium (C4") fluxesby treatment and/eekfor Soil 1 and Soil 2
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Fe flux (ug/10 cm2) - Soil 1
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Fe flux (ug/10 cm2) — Soil 2
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Figure6.11 MeanFe**, Mn?*, and APF* fluxesby treatment andreekfor Soil 2. Values with

different letters are statistically different at alpha = 0.01
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Cu flux (ug/10 cm2) - Soil 2
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Figure6.13 MeanCu?*, P¥*, and Zi8* fluxesby treatment andieekfor Soil 2. Valueswith
different letters are statistically different at alpha = 0.01
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Table6.1 Mineral soil attributes based aarliersampling ofrelated field trial soilsDb = bulk
density; Ca, Mg, K, and Al are exchangeable cation concentrations; Cd, Cu, Pb, and Zn

are total element concentrations

% % % Db
Soil  Statistic Sand Silt Clay (Mgm3 pH %C %N C:N
1 Mean 39 43 17 1.00 403 359 027 135
Stdev 5 4 3 0.16 0.05 047 0.05 0.6
2 Mean 63 29 8 0.63 428 6.24 038 16.1
Stdev 7 5 2 0.1 0.16 221 0.10 1.6
Ca Mg K Al Cd Cu Pb Zn
Soil  Statistic éé.éé... Ocnol. ékg ¢« éé.6é¢é... ) mgé kgéé
1 Mean 0.145 0.085 0.052 3.90 0.00 12.61 0.00 56.17
Stdev  0.073 0.044 0.005 0.52 0.00 6.75 0.00 8.26
2 Mean 0.098 0.058 0.058 2.86 055 765 3.01 76.78

Stdev  0.032 0.019 0.024 0.96 0.77 1.0r 3.97 10.07

Table6.2 Typical amendmenmnoisture anatalcium (Ca) contentssed to calculate

amendmenépplicationrates.

Typical Typical

Moisture Ca
Content Content Calculated Low Calculated High
Amendment (% wt) (% wt) Rate Application (g) Rate Application (g)
Fly Ash 19 6.59.5 16.0 (A1) 32.0 (A2)
ATB 33 10-20 8.0 (B1) 16.0 (B2)
Lime 1 25-30 5.4 g (L1) 10.8 (L2)
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Table6.3. Estimatecelementapplication rateand ratiody treatmentRatios were based on the
lowest application rate for each elemekt.and A2 = low and high rafy ash treatments, B1

and B2 = low and high rate ATB treatments, L1 and L2 = low and high rate lime treatments, bd
= below detectionna = not applicable

Application Rates (kg ha?)

Trmt Ca Mg K P N S Fe Mn Al Cu Pb Zn Cd

Al 451 48 136 25 3 106 73 48 88 0.24 0.23 3.39 0.032
A2 903 95 271 50 6 212 146 96 176 048 046 6.78 0.065
Bl 791 8 2 16 32 06 13 14 40 031 0.24 0.58 0.011
B2 1,583 15 4 33 64 11 26 27 81 062 048 115 0.022
L1 992 51 7 08 01 bd 48 32 37 0.05 0.08 0.06 0.002
L2 1,984 103 14 16 03 hbd 96 63 73 009 015 0.12 0.004

Application Ratios

Trmt Ca Mg K P N S Fe Mn Al Cu Pb  Zn Cd

Al 1.0 6.2 67 32 21 188 5.6 35 24 54 3.0 55 17

A2 20 124 134 64 42 376 11.2 70 48 108 6.1 110 34

Bl 1.8 1.0 1.0 21 221 1.0 1.0 1.0 11 6.9 3.2 9.4 5.9

B2 3.6 2.0 2.0 42 442 2.0 2.0 20 22 138 6.4 188 118

L1 2.2 6.7 3.4 1.0 1.0 na 3.7 23 1.0 1.0 1.0 1.0 1.0

L2 44 134 6.9 2.0 2.0 na 7.3 46 2.0 20 20 2.0 2.0

Table6.4. Mean pH, electrical conductivieC), and C:N ratio for fly ash, ATB, and lime
amendments. C:N rasdor fly ash andATB include an unknown proportion of inorganic C.

Amendment Mean pH Mean EC (mS) Mean C:N
Fly Ash 11.9 13.9 177
ATB 9.2 1.86 15
Lime 9.3 0.22 na
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Table6.5. Bulk density (Db) and coarse fragment corrected Db measured/@el8 sample pots,
and pH and electrical conductivity (EC) measured kw&@k sample potd/alues with different
letters are statistically differefdlpha = 0.8). A1 and A2 = low and high raféy ash treatments,

B1 and B2 = low and high rate ATB treatments, L1 and L2 = low and high rate lime treatments

Soil 1
T GoMgh (g Mg PH (S o)
C 1.05 a 0.80 a 4,23 e 125 d
Al 1.03 a 0.77 a 5.52 d 665 b
A2 1.02 a 0.76 a 581 bc 1511 a
Bl 1.05 a 0.79 a 5.69 c 271 (o
B2 1.08 a 0.77 a 6.15 a 377 b
L1 1.05 a 0.77 a 6.01 ab 257 c
L2 1.03 a 0.76 a 6.17 a 300 bc
Soil 2
T Gongh (g Mg PH (1S o)

C 0.85 a 0.73 a 4.20 d 171 f
Al 0.87 a 0.74 a 5.16 C 942 b
A2 0.82 a 0.70 a 5.61 b 1759 a
Bl 0.85 a 0.72 a 541 c 350 d
B2 0.86 a 0.73 a 5.78 ab 536 c
L1 0.84 a 0.72 a 5.63 b 249 ef
L2 0.86 a 0.74 a 5.94 ab 309 de

194



S6T

Table6.6. Repeated measuranalysisresultsfor Soil 1 and Soil 2. MCv = percent soil moisture content by volume measured at time

of sampling. TN = N@-N + NHs"-N. SignificantMCv, treatmentandtreatmenix-time interactions have been shaded (alpha = 0.05).

p values- Soil 1

Variable Ca?* Mg?* K* PO TN SO Fe* Mn?2* Al3* Cu? Pb?* Zn?*
MCv 0.0190 0.2362 0.0376 0.4729 <.0001 <.0001 0.0575 0.1395 0.1857 0.0564 0.0507 0.0329
Trmt <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 0.1530 <.0001 <.0001 <.0001
Week <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001

Trmt x Week <.0001 <.0001 <.0001 0.0468 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001

p values- Soil 2

Variable Ca* Mg? K* PO TN SO> Fe¥ Mn2* Al3* Cu?* Pb?* Zn?
MCv <.0001 0.0001 0.1294 0.8132 0.0008 0.0019 0.0300 0.0056 0.0009 0.3209 0.0784 <.0001
Trmt <.0001 <.0001 <.0001 0.0029 <.0001 <.0001 0.1749 <.0001 0.2707 0.004 0.0001 <.0001
Week <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 0.0315 <.0001 <.0001

Trmt x Week <.0001 <.0001 <.0001 0.0022 0.0014 0.0023 <.0001 <.0001 0.0003 0.0031 0.0003 <.0001




Table6.7. Mean percent soil moisture content by volume (MCv) measured at time of sampling
by treatment (all weeks combined). Values with different letters are statistically different at alpha
= 0.05 T-MCv = estimated threshold MCv below which diffusivégproachegero due to
discontinuoudgiffusion pathways (derived from Olesen et al. 2081)and A2 = low and high

ratefly ash treatments, B1 and B2 = low and high rate ATB treatments, L1 and L2 = low and

high rate lime treatment€ = control.

Soil 1 Soil 2
Trmt Meaz(r)}ol)\/l Cv Trmt Mea(t(%\/l Cv
A2 14.6 a A2 14.0 a
Al 12.6 ab Al 12.6 ab
C 10.4 bc B2 11.2 ab
B2 10.2 bc Bl 10.6 ab
L2 10.1 bc C 10.2
L1 9.9 bc L2 9.8 b
Bl 9.2 c L1 9.7 b
T-MCv 17 T-MCv 14
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Table6.8. Mean elemenipn fluxes(ug 10cn?) by week and treatment for Soil 1. TN = NN
+ NH4"-N. C = control A1 and A2 = lowand high rate ash treatments, B1 and B2 = low and

high rate ATB treatments, L1 and L2 = low and high rate lime treatments

Soil 1
PO,- SO
Week Trmt Ca** Mg? K* P TN S Fe* Mn2?*  AI®*  Cu®* Pb* Zn?
1 c 79 23 10 (18 27 23 7 12 14 006 034 033
1 A1 33 38 252 47 19 563 13 93 35 037 114 0.92
1 A2 619 60 68 o7 19 789 13 91 32 031 082 101
1 B1 272 26 11 (g1 70 56 7 11 13 024 070 0.35
1 Bp 374 14 12 g9 119 80 8 13 13 017 090 0.37
1 L1 152 58 7 012 24 43 7 16 23 010 053 0.24
1 L2 184 77 5 014 24 36 7 19 15 0.16 046 0.25
3 C 85 23 41 (pog 134 26 6 28 24 020 092 054
3 A1 1425 135 423 oo 68 1,043 11 135 54 040 100 1.41
3 Ap 1494 122 565 1o 39 910 12 115 35 023 0.68 1.26
3 B1 531 24 22 (19 117 94 8 19 28 032 117 0.36
3 B2 1,613 29 27  0.79 260 202 21 3.3 48 0.82 2.26 1.08
3 L1 241 125 15 gggp 93 69 9 33 20 043 116 048
3 L2 665 383 14 pg 113 111 11 62 29 041 161 0.29
6 c 132 37 53 (o5 311 44 17 85 52 043 138 110
6 Al 1,772 155 253 (4o 219 1,128 14 113 50 0.34 0.80 1.61
6 A> 2144 155 319 73 154 1,037 18 121 49 0.15 059 1.26
6 Bl 2371 45 16 (5q 776 218 46 51 112 146 261 152
6 B> 2950 36 6 063 773 281 48 41 77 121 215 140
6 L1 1219 782 13 5y 446 156 27 63 62 071 249 051
6 Lo 1297 737 10 (o4 517 184 38 98 77 094 233 0.64
10 c 247 65 72 (37 691 48 43 315 143 084 190 3.32
10 Al 2275 193 167 (o5 331 1077 21 110 51 029 074 158
10 A2 2454 140 215 (5p 260 1038 19 60 44 016 046 1.10
10 BlL 2707 51 13 41 868 165 53 7.5 143 141 248 154
10 B2 2924 26 5 g7 882 215 53 23 45 099 143 0.96
10 L1 1644 1023 10 (47 689 189 62 85 95 100 223 0.83
10 L2 1,688 929 8 oo 784 184 69 74 85 096 205 0.59
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Table6.9. Mean elemerion fluxes(ug 10cm?) by week and treatment for Soil 2. TN = NN

+ NH4*-N. C = control A1 and A2 = low and high rate ash treatments, B1 and B2 = low and

high rate ATB treatments, L1 and L2 = low and high rate lime treatments

Soil 2
PO SO
Week Trmt Ca** Mg? K* P TN S Fe* Mn2?*  AI®*  Cu®* Pb* Zn?
1 C 88 20 18 .30 46 20 4 2 21 0.02 0.00 0.50
1 Al 452 57 351 51 39 526 14 11 52 0.33 0.02 0.99
1 A2 628 66 596 (061 39 711 13 14 47 0.12 0.02 1.37
1 B1 297 16 21 0.6 117 42 5 1 30 0.10 0.00 0.38
1 B2 343 18 17 047 127 37 5 1 21 0.29 0.00 0.33
1 L1 209 93 10 o.16 41 25 5 3 22 0.00 0.00 0.35
1 L2 245 113 10 031 49 24 5 3 21 0.07 0.00 0.39
3 C 138 33 43 32 208 22 12 6 49 0.15 0.02 0.95
3 Al 1,029 113 465 (.26 97 556 17 18 66 0.20 0.01 1.10
3 A2 940 95 526 (.38 116 780 21 18 56 0.16 0.01 1.32
3 B1 445 21 24 049 154 48 11 2 41 0.16 0.04 0.52
3 B2 1,043 31 29 034 281 111 19 3 55 0.30 0.07 0.80
3 L1 428 248 29 .22 178 30 14 7 55 0.23 0.07 0.53
3 L2 588 275 17 030 184 62 19 12 54 0.20 0.09 0.46
6 C 181 46 70 o069 297 22 14 10 79 0.18 0.02 1.82
6 Al 1,045 113 409 (42 233 878 14 22 58 0.09 0.00 1.23
6 A2 1,210 115 406 (42 180 805 15 22 57 0.15 0.01 1.27
6 B1 1,349 49 30 (g4 527 71 26 6 105 0.29 0.29 1.29
6 B2 1,969 54 29 123 570 89 20 4 86 0.25 0.18 1.13
6 L1 621 434 26 57 334 40 20 10 74 019 0.17 0.67
6 L2 933 559 14 os59 397 48 29 13 60 0.21 0.12 0.64
10 C 379 81 92 064 569 39 26 22 124 0.16 0.20 3.37
10 Al 1,287 142 376 57 390 856 26 22 77 0.12 0.00 1.33
10 A2 1845 161 325 (79 298 1,045 19 24 64 0.07 0.00 1.63
10 B1 2,805 75 16 4136 752 93 57 6 138 0.33 0.19 1.50
10 B2 2,762 73 17 139 1,008 98 41 7 103 0.36 0.16 1.79
10 L1 1,091 653 34 o0 595 67 58 17 124 0.24 0.29 0.97
10 L2 1,131 756 20 g7 554 89 47 13 85 0.14 0.13 0.70
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CHAPTER 7

CONCLUSIONS

To paraphrasBinkley (1984) forest nutrition management draws on the fields of
silviculture, soil science, ecology, and economics to provide information on how to manage the
nutritional status of forests amarest soils to maintain or enhance their laagm productivity.
Although rutrition management is not new, it has yet to be fully integrated into forest
management planning imortheastern North Americ&hapters 1 and 2 in this thesis discuss
why, as wemove towards aoreecosystem based approach to forest managethenheeds to
change.

Decades of acid deposition has resulted in base cation (Ca, Mg, K) loss and increased
exchangeabl@l concentrationgn manyforestsoilsacross theegion. Althougmot always
immediately evident, this has likely reduced potential productivity on many sites and/or caused
increased environmental stress in these ecosystemsditions that may be exacerbated by
forest harvesting and predicted climate change img&tispter 1) As notedin Chapter 2
gradual rather than abrupt changes in growth limiting factors arektbededime frames
associated with forest managemeatmake these impacts difficult tecognize and quantify.
However, in Novécotia, previous resech (e.g.Ro and Vet 2002; Yanni et al. 2006thitfield
et al. 2006)coupled with development of an ecologically based nutrient budget model (Keys at
al. 2016 Chapter 2, havenow allowed forstandlevel estimation of sustainable mean annual
increment (SusMAI) based aite-specificsoil conditions,atmospheric deposition data,
covertype data,ra predicton of associatedrowthlimiting nutriens. Initial use of this model

(NBM-NS) has suggested that grdied yields from spruce plantations growing on slowly
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weatherable soils may not be sustainable in theterg, with Ca recognized asnajor
limiting nutrient (Chapter 2).

As outlined in Chapter 1, the use of liming amendmengpruce plantationmaybeone
way tocompensate fgoredictedCa loss from acid deposition and harvesting, but there is little
history of such amendment use in northeastern North America and none in Novalistusa.
study, the possibility of using ATB on spruce plantatioas wmvestigated as an alternative to the
lime and wood ash amendments that have been used elsewhere. It was hypothesized that ATB
could be a good source of Ca in-[Baited sites, while also providing an environmentally sound
and socially beneficial endse for this wastestream product.

Based on field trialsf surfaceapplied ATB at 7.5 t hhand 15 t h& (wet weight)under
two 10-15-year old white spruce plantations, angraerhouse compason of ion fluxes captured

in mineral soils treated with ATBime, and fly ash, the following conclusions can be made:

1 ATB is asgood(or better)asource of Cas limeor fly ashandcanbe used to increase
soil Ca and base cation / Al ratios in-daited sites However,as outlined belowsoil
andsite conditios need to be consideréat effective andappropriate use &TB in a

forest orplantation settingChapters ).

1 While ATB produced using CKD as the alkaline stabilisea goodsource of Cdand to
a lesser degrde), it is a poor source of Mg. Use 6KD derivedATB on siteswith low
soil Mg will likely cause major Ca:Mg imbalanceése to imbalanced inputs and
increasedlisplacement anldaching loss of Mg. This can also be the case for K, although
losses andmbalances are potentially less severe due to increased K inputs. Soils at both
field sites in this study had low Mg concentrations that were exacerbated by ATB
treatmentgChapters 3 and 4and although NBMNS does not predict Mg as a leteym
limiting nutrientin Nova ScotigChapter 2)thisdoes not mean Mg can be ignored when

attemptng to mitigate the impacts of previocation depletionln the case of inadequate
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soil Mg, use ofan additional Mg fertilizer, gpossibly a mixture of dolomitic limeshe
and ATB, may beequired Alternatively,with sufficient demandt shouldbe possible to
produce ATB using a blend of alkaline stabilizers and amendments spi&ctidored

for forestryuse

Other soil and site features madsobe consideredvhen developing ATB treatment

regimes. It is suggested that sites with loamy soils (clay > 10%) and an exchangeable H
acidity of =2 20% can probably benefit from
hal), while sites with coarseadls (clay< 10%), an exchangeablée Hcidity of < 20%,

and well to rapid drainage should be initially treated with a lower ATB rate to avoid

excessive leaching loss of added base cations (Chapter 4).

In this study, surfacapplied ATB resulted in significantly increased forest floor pH, but
unlike soméorestliming studies, this did not result in any significant increadé in
mineralization, nitrification, or N& leaching(Chapters 3 and 4However thistype of
responsés still a possibility on other sites (especiallyrish sites), and should be

monitored if ATB is applied elsewhere.

Despite significant increases in forest floor pH, ATB treatmalsisdid not result in any
appreciable impacts @round vegetation abundance or diversity (Chapteftas was
attributed to minimal changes in available N from ATB treatments, and to the already
current dominance of pioneer and disturbance species in the juvenile plantation sites
treated. This is ammportant finding since, due to access constraints, application of ATB

in plantations would likely only take place shortly after establishment.

Use of ATB did nogreatlyincrease plantation tree growth over the two years of
assessmerfChapter 5)Thiswas likely due to a lack dignificant N input and possibly

to Mg limitatiors. More gowth responsenay bedetected in futuren thesesites or on
other sites with different conditionisut perhaps use of ATB should not be viewed in the
same way as traiibnal fertilization Use of liming amendments is intendedrtgorove or

restore foressoil nutrient conditionsn the wake of significant humasaused
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acidification and base cation lo$daintenance gpotential site productivity should be

the main goal, with anynmediateincrease irgrowthor yield considered a bonus

T Although tree growth was ngreatlyenhanced by ATB treatments, there were increased
concentrations of Ca, K, and P founccnop tree white spruce foliage. This type of
response (if it persists) needs to be incorporated into nutrient budget models like NBM
NS thatuse speciespecific nutrient concentration values foliage,wood, bark and
branchess model inputdn this case, possible change®sther biomass component

nutrient concentrations should also be investigated.

1 As with fly ash, the risk of trace metal contamination from infrequent applications of
ATB to forests appears to be quite laue n partto the influence of increased pH on
metal availability (Chapters 3, 4, and 6). In this study,-pesttmenmetal
concentrations in mineral soils were well below acceptable limitgaioous land uses
including agriculture, and captuog metalsby ion exchange resins in surface soils was

negligible

This study has clearly shown the need for fully integrating nutrient management into
forest management planning in Nova Scotia and elsewhere in the region. With respect to the

current state of knowledge bliova Scotia forest soils, the following recommendations are made:

1. Establish a provincwide, geastatigically basedsoil sampling program toollect
current soil chemistrgata for improved nutrient budget modellizugd orgoingsoil
healthmonitoring. Sich a program should target dominant soil series units that can then

be related to established mapping and modelling tools.

2. Develop a soil health and productivity indicator system (e.g., as described by Burger and
Kelting 1999) to monitor and assessdi)going recovery from acidic deposition, (ii)
impacts of climate change, and (iii) impacts of forest management treatments over time.

Such a system should be tied to the sampling program desabibeel
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3. Given the importance of soil weathering in nutrivatiget assessments (and the
uncertainties associated with these estimates}jraiie to evaluate and refine
methodologies for estimating soil weathering indatsdominantsoil series unitacross
the provinceThis type of work is particularly importamt the era of climate change

sincepotential weatheringates aralirectly related to climate variables

4. Continue to evaluate and researchphbssibleuse ofsoil amendmentéincluding ATB)
to mitigate nutrient losses and correct nutrient imbalaimcafected soilsThis includes
monitoring of treated sites to ass#ssimpacts of single and/or multiple treatments over
time. This type ofvork is neededo determine the longevity of treatment effects and their
net impact on soil chemistry and trégstie concentration#n turn, this information can
be used to (ifompare the effectiveness of different amendment types or formulations,
(ii) further calibrate nutrient budget models) @stimate required inputs to meet nutrient
management goal@y) assess theconomis of amendment usend(v) developcost
effectivemanagementegimesrelated to site type.

5. Regularly ntegrate acquired knowledge and understanding of forest soil conditions into
new or existingools and guidelines designed to promote sustairfatdst management

planningacross the province
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