2. NI TROGEN DEPGSI TI ON AND FOREST EXPANSI ON
I N WESTERN CANADA

2. 1. ABSTRACT

Forest expansion into arid cold-tenperate grassland due to fire
control or elimnation of bison herds nay be accelerated by fertiliza-
tion from atnospheric nitrogen (N) deposition. | neasured N deposition
and available soil N over 2 yr in six national parks in western Canada.
The parks varied in distance from sources of anthropogenic N Atnops-
pheric N deposition, nmeasured with ion-exchange resin, was highest in
four parks in a region with agro-industrial |and-use (noderately popu-
| ated, 5-100 inhabitants/kn?) and lowest in parks in a nostly forested
region with mnimal agro-industrial |and-use (sparsely popul ated, <5
inhabitants/kn?). Simlarly, available soil N, also neasured with ion-
exchange resin, was highest in parks in the agro-industrial region and
lowest in parks in the forested region. Available soil N increased
significantly with N deposition across parks. | neasured the local vari-
ation of N deposition and availability at 84 locations within El k
Island, a park in the agro-industrial region. Seasonality had the
strongest effect on |ocal variation of N deposition and soil N avail a-
bility conmpared to the effect of soil type, fire history, grazing, or
vegetation type. | neasured N nmass and natural abundance of N in vege-

tation and soil in two parks: Elk Island in the agro-industrial region
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receiving 22.1 kg N ha 1 yr‘l, and Jasper in the forested region

receiving 7.77 kg N ha 1 yr‘l. Mass of N in vegetation per area

i ncreased by 74%in Elk Island, but only by 26%in Jasper during the
past five decades, due to forest expansion into grassland. 319N in
forest vegetation was significantly lower in Elk Island than in Jasper
suggesti ng that anthropogenic sources contribute significantly to the
high rates of N entering that ecosystem | determined the rate of forest
expansion in partially forested parks from aerial photographs and found
a strong positive relationship (R? = 0.99) with N deposition. The
strong rel ati onshi ps between N deposition, available soil N, N nass in
veget ati on, and forest expansion suggest that even conparatively |ow

rates of anthropogenic N deposition accunul ate over time in noderately

popul at ed regi ons and contribute to changes in ecosystem structure.

2. 2. | NTRODUCTI ON

H gh anmounts of anthropogenic nitrogen (N) conpounds deposited
fromthe atnosphere (20 - 50 kg N ha 1 yr‘l, Jefferies & Maron 1997)
have changed vegetation in western Europe and m d-eastern North Anerica
(e.g., Ellenberg 1988). The change of vegetation in | ess exposed regions
(<2 kg N ha 1 yr‘l) is usually attributed to other factors, e.g., fire
control, renmoval of grazers, and clinmate change (Hastings & Turner 1965,
Bragg & Hul bert 1976, Archer et al. 1988). It has becone clear, however,

that even noderately increased N deposition rates affect ecosystem
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function and reduce or alleviate Nlimtation of growmh (Vitousek et al
1997).

Hi gh amounts of deposited N are correlated with the increase of
tall species in nutrient-poor grassland (El I enberg 1988, Bobbink et al
1988), heathl and (Berendse 1994a), and of forest understorey species
(Hof mann et al. 1990). Increase of forest species typical of Nrich
acidic sites have al so been reported (Tyler 1987, Ellenberg 1988,
Bobbi nk et al. 1992). Trees in exposed forests first showed accel erated
growm h, but later the damagi ng effects of acidification and nutrient
i mbal ances caused by N deposition prevailed (N hlgard 1985, Hof mann et
al. 1990, Dise & Wight 1995, for exceptions see Wttig et al. 1985,

Ni | sson et al. 1988, Becker et al. 1992).

Ef fects of N deposition on ecosystens have nostly been studied
on a snall regional scale or in regions of high deposition (e.g., Urich
et al. 1979, Potter et al. 1991, Aber et al. 1993, Mgill et al. 1997,
but see Johnson & Lindberg 1992). N deposition, however, varies on a
continental scale (Grennfelt & Hultberg 1986, NADP 1994, 1995, 1996) and
long-term | owlevel deposition may al so have significant effects on eco-
systenms. Therefore, | neasured N deposition and available soil Nin six
nati onal parks in western Canada in a 1000 x 1000 kn? area where the av-
erage density of industry and population is conparatively | ow.

N deposition may al so vary locally due to volatilization of
amoni a fromfaeces (R sser & Parton 1982, Nason et al. 1988) and due to
the capture of gases and particles containing N by tall vegetation

(Binkley 1995). | also tested whether N deposition or soil N availabili -
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ty varies locally with factors that may control biological N enissions
or affect N availability, i.e., soil type, fire reginme, bovine grazing,
and vegetation type.

Ant hr opogeni ¢ NQ  deposition in western Canada has three nain
sources: vehicle exhaust (50%, industrial processes (29% -especially
in the petrochenical sector-, and industrial fuel conbustion (21%
nostly for heat and power generation (Environment Canada 1996). NH,-N
emi ssions in western Canada are | ow (Environment Canada 1998), repre-
senting <5% of NQO,.-N enissions (Environment Canada 1996). Vehicle ex-
hausts contain isotopically light N (negative 31°N val ue), whereas fue
conbustion in boilers produces isotopically heavy N (positive 315N
val ue) (Heaton 1990). Therefore, the 51°N val ue of deposited N shoul d
tend to be negative. Some deposited N is taken up by the canopy and in-
corporated into the biomass (Brumre et al. 1992, Lunme 1994). | conpared
the 8I°N val ues of vegetation in a park with high deposition with that
in a park with | ow deposition to explore whether the origin of anthropo-
genic N deposition can be deduced fromthe 15N si gnal

Fertilization by atnospheric deposition could accelerate tree
growm h nore than grass growh (Kellman 1989, WIson 1998) and nmay have
contributed to the expansion of forest into grassland in the northern
Great Plains during the past century (Archibold & WIlson 1980). The
forest expansion has created concern for vegetation managenent in
national parks in the forest-prairie transition zone (Fig. 2.1, Vetsch
1987, Bork et al. 1997, Schwarz & Wein 1997). | have tested whether

| ong-term deposition is correlated with forest expansion
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density is based on el ectoral boundaries. Elk Island National Park is
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2. 3. METHODS

2.3.1. Study sites

| measured atnospheric nitrogen deposition and available soil N
in six national parks in western Canada (Fig. 2.1). Four parks (Elk
I sl and, Grasslands, Prince Albert, Riding Mountain) were in the prairie
and aspen parkl and vegetati on zone, a nore densely popul ated region with
agro-industrial |and-use and higher than natural deposition. | call this
the "agro-industrial region". Two parks (Jasper and Wod Buffal o) were
in an area doni nated by nontane or boreal old-growth forest, a sparsely
popul ated region with mninal |land-use. | call this the "forested
regi on". Jasper and Wod Buffal o both include grassland (Raup 1935,
Hol | and & Coen 1982). The geography, clinmate, vegetation, and soils of
the parks are described in Table 2.1. In all parks the invasive woody
species is aspen (Populus trenul oides), a clonal tree, and in variable
abundance the clonal shrubs Synphoricarpos occidentalis, Shepherdia
canadensi s, Corylus cornuta, Elaeagnus conmutata, and Rosa spp. G ass-
lands in the parks are of nixed-prairie or fescue-prairie type (Coupland
1950, Bl ood 1966b, Carbyn 1971) with Stipa spp., Festuca scabrella,
Koel eria cristata, Agropyron spp., and Poa spp. Grassland in Elk Is-
| and, however, is dom nated by Poa pratensis and Cal anmagrostos canaden-
Sis.

El k Island vegetation is nmanaged by prescribed burns and is
grazed by high densities of bison (Bison bison), noose (Al ces alces),

deer ((Odocoileus spp.) and el k (Cervus el aphus) (Cairns & Telfer
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1980). The ot her parks are unmanaged, save for the suppression of fires.

2.3.2. Atnpspheric deposition and available soil nitrogen

Resin bags.— | neasured N deposition and available soil Nwth
i on- exchange resin bags (Lindberg et al. 1986, Binkley & Hart 1989, van
Dam 1990). Measurenents of N deposition using resin bags nay be nore
rel evant to plants than neasures of precipitation and estimates of dry
deposition because resin, like | eaves, is not inert and collects dry
deposition and throughfall (Lindberg et al. 1986). Non-inert surfaces
can capture nore N through adsorption and absorption (Davi dson & Wi
1990). Resin bags al so presunably collect N deposited as coarse parti -
cles, a formof N deposition that is not neasured by nost other nethods,
but which contributes considerably to dry deposition due to their higher
N concentration and anmount (Lovett & Lindberg 1993, Shachak & Lovett
1998). Measurenents of available soil Nwth resin bags may al so be nore
rel evant to plants than other methods, because resin neasurenents inte-
grate over tine, are sensitive to the different nobility of nitrate and
amoniumions in the soil, and are sensitive to soil noisture (Gblin et
al . 1994).

Resi n bags nade out of nylon stockings were 3 cmx 3 cm each
containing 2 cn? dry m xed-bed (anionic and cationic) ion-exchange resin
(AG 501- X8, BioRad, Hercules, California, U S. A) with an ion-exchange

capacity of 1.5 mol / cn?® for anions and cations. Thus, the total ion-
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exchange capacity of each bag was 3 nmol (3300 nmol nTZ). The anounts of
cations and anions in soil |eachate and throughfall of tenperate forests
range from 16 to 1028 mmol m 2 yr‘1 (Pastor & Bockhei m 1984, Johnson &

Li ndberg 1992, Boxman et al. 1994). Therefore, the anpbunt of resin was
sufficient to take up all ions contained in atnospheric deposition or
soi |l solution during each nmeasurenent period without beconi ng saturated.
| did not treat resin against mcrobial attack because the effect of

nm crobes on N capture is nmuch snaller than the amount of Nin soil sol u-
tion or deposition (Binkley 1984, G blin et al. 1994). Bags were washed
in 2 nol/L NaC and rinsed in double-distilled water to renmove dyes and

background N fromthe resin.

Field sanpling.— | collected N deposited fromthe atnosphere
with resin bags in flat stainless steel cages (10 cmx 10 cmx 0.5 cm
2-mmnesh) that | fixed to the ground with stainless steel pins. Cages
wer e designed to reduce disturbance fromaninals. | placed these surface
bags >4 mfromtree canopies and >1 mfrom shrubs to reduce the effect
of canopy | eaching on N deposition neasurenents (Lindberg et al. 1986,
van Dam 1990, Potter et al. 1991). | neasured available soil Nwth
resin bags buried about 10 cm deep under undi sturbed vegetation (aspen
or spruce forest in all parks except Gasslands). Each soil bag was <20
m from a surface bag.

Ten pairs of surface and soil bags were distributed at 1-2 km
intervals along roadsides with little traffic in all parks except Elk

Island (Table 2.1). The surface bags were installed ¢c. 10 mfromthe
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road across the road ditch, which was usually at a slightly higher
el evation than the road. Traffic in all parks peaks during a few weeks
in July-August (Table 2.1). During the rest of the year, traffic is
negligi bl e except in Riding Muntain, where probably 40 vehicles/d pass
through. The usually little traffic on the park roads has presunably
only a small effect on N deposition in the parks. In El k Island, |
depl oyed 132 pairs of bags throughout the park to additionally exam ne
wi thin-park effects of soil types, grazing, burning and vegetation type.
| measured N deposition and available soil N in conbinations of two soil
types (luvisol and brunisol), two ungul ate grazing regines (grazed and
ungrazed), two fire regimes (burned and unburned within the previous 15
years), and three vegetation types (forest, shrubland, and grassland).
Bur ned ungrazed forest, shrubland, and grassland on brunisol did not
occur in Elk Island, so that a total of 21 treatnment conbinati ons was
exam ned. | deployed four pairs of bags for each treatnent conbination
Usual Iy, the four pairs were installed within <200 m of each other at
one site, but resin bags for grazed, unburned bruni sol conbinations and
for ungrazed, unburned forest on brunisol were installed in tw sets of
two pairs at separate sites. Sites were spread across the park according
to availability of suitable |ocations.

| sanpled N for two years in sumer, fall, winter, and spring.
Bags were set out during 13-25 June, 14-24 August, 5-12 Cctober 1994, 26
April-2 May, 14-24 June, 16-23 August, 4-11 Cctober 1995 and 8- 14 May
1996. | retrieved bags when |I set out the next set of bags, the |ast set

during 3-10 July 1996. Bags that | could not retrieve in spring because
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they were covered by snow or ice were retrieved in sunmer. The addi -

tional tine was included in nmy cal cul ations.

Laboratory analyses.— | stored retrieved bags individually in
sterile plastic bags at 4°C for up to 13 nonths. Then | let the resin
bags air-dry, protected fromdust for 2 d. | renpved the resin fromthe

nyl on bags and extracted the resin in 30 m of 2 nol/L KO for 60 mn
(Binkley & Hart 1989). The solution was frozen until analysis. Then
nitrate in the solution was converted to ammoni um by reduction with
Tid, Al amoniumin the solution, ammoniumfromconverted nitrate and
that which was collected by the resin as amoni um was converted to
amoni a by increasing pH of the solution with 10 nmol/L NaCH The concen-
tration of Nin the extract was nmeasured with an ion-selective el ectrode
for ammonia (Orion, Boston, Massachusetts, U S.A). Thus, nitrate and
amoni a were not neasured separately. | added known amobunts of nitrate
and amonia ranging fromO0.05 to 5 nmol/L to unused bags to determ ne an

extraction rate (N = 0.6902 - I n(Nyygeqtl) s R = 0.85, n = 204).

extract ed
The range of 0.05 to 5 nmol/L covered N concentrations found in precipi-
tation, throughfall, and soil |eachate in Wsconsin (Pastor & Bockheim
1984) and represented all but the nbst extrene concentrations in ny

resin bags used in the field. | determ ned the anbunt of N collected by

resin in the field by using this equation

Statistical analyses.— Results for surface bags were divided by

nean bag area and | ength of sanpling period to calculate daily deposi -
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tion rate (expressed as kg N ha 1 yr‘l).

Results for soil bags were
di vided by resin volunme and | ength of sanpling period and expressed as
kg N ha 1 yr‘1 for a 10-cmthick soil layer. | conpared daily rates of
deposited N and avail able soil N anong parks using a univariate analysis
of variance (ANOVA, Lorenzen & Anderson 1993) with year as a random fac-
tor and season and region, i.e., agro-industrial vs. forested, as fixed
factors. Parks were nested as a randomfactor within region and crossed
with the other factors. My design is an extension of a repeated-neasures
design. In accordance with Looney & Stanley's (1989) reconmendati on,
al so used nultivariate analysis of variance (MANOVA) to conpare rates of
all eight sanpling periods. | used a sumnatrix to determ ne the overal
ef fects of |and-use and park, and a conpound contrast natrix to separate
the interaction effects of season and year with regi on and park.
report significance when the F statistic in either ANOVA or MANOVA
(Pillai-Bartlett Trace) was significant at a/2 = 0.025 (Looney & Stanl ey
1989). For conparisons anong parks, | used only data from ungrazed
forest vegetation in Elk Island because the grazed areas in El k Island
appeared to be nore heavily grazed than those in other parks. | deter-
m ned the rel ationship between available soil N and N deposition, using
regressi on based on the neans of each park for each sanpling period.

| exam ned daily rates of deposited N and available soil N with-
in Elk Island using a univariate ANOVA with year as a random factor, and
season, soil type, grazing, fire, and vegetation type as fixed factors.
I was unable to al so analyze the data with MANOVA because too many

sanpl es were | ost due to bison disturbance.
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| assunmed that surface bags with an equival ent of =100 kg N ha 1
yr'1 (108 out of 1016 bags) and soil bags with an equival ent of =1000 kg
N ha 1 yr‘1 (28 out of 998 bags) had been contam nated and excl uded t hem
from anal yses, as this level is unexpected. Wen data were not honpsce-
dastic (nodified Levene [Brown-Forsythe] test at a = 0.01) and nornal
(Shapiro-Wlks test at a = 0.05). | In-transformed themso that the
assunptions for ANOVA were net. Mean squares were calculated with JWP
3.2 (SAS Institute 1996) and F and P values with Excel 4.0 (Mcrosoft
1992) according to Lorenzen & Anderson (1993) because SAS Institute
cal cul ates F val ues assuming a particular covariance structure (Ayres &
Thomas 1990). | pool ed non-significant effect ternms (P = 0.20) with the
error term (Lorenzen & Anderson 1993) when effects with zero degrees of

freedom occurred in the nodel due to missing data.

2.3.3. &8™Nand Nin vegetation and soil at Elk Island and Jasper

Field sanpling.— | neasured 31°N and N concentrations in vege-
tation and soil in one park with high deposition (Elk Island) and one
with | ow deposition (Jasper) to study the effect of N deposition on N
accunul ation in the vegetation. In both parks we selected sites that
i ncl uded portions of forest, shrubland, and grassland. Sites in Elk
Island were within an area of 1 km x 2 km sout heast of the Mdss Trail on
eluviated eutric brunisol interm xed with orthic gray |uvisol on

humocky, ridged terrain (Crown 1976; Canadi an System of Soil Cassifi-
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cation). The grazed, old-growh aspen forest (Populus trenuloides) had
a patchy shrub understorey of Corylus cornuta (49% of stens) and Rosa
spp. (32% . Shrubland consisted of exclusively Corylus. Gassland was
dom nated by tall grasses. Sites at Jasper were within a stretch of 10
kmin the Athabasca River valley between Pyrani d Lake and Jasper Lake
on wel |l -drai ned cumulic regosols on older, higher river banks (Holland
& Coen 1982; Canadi an System of Soil Cassification). The ol d-growth
popl ar-white spruce forest (Populus trenul oi des-P. bal sanifera-Picea
gl auca) had a sparse shrub understorey of nostly Rosa acicularis (49%
and Synphori carpos occidentalis (37% . Shrubland consisted of exclu-
sively Shepherdi a canadensis, a shrub associated with N fixing actino-
nmycetes. Grassland was domi nated by short grasses with Cs-type photosy-
thesis. In both parks, sites for vegetation nmeasurenents were within
the area of sites used to nmeasure deposition and soil N

In both parks | took sanples of each of the follow ng vegetation
and soil conpartnents: tree | eaves, tree stens, shrub | eaves, shrub
stens, herbs, litter, roots at 0-15 cmand 15-50 cm depth, and soil at
0-15 cm and 15-50 cm depth. The 0-15 cmsoil layer represents the nain
rooting depth. Each conpartnment (if present) was sanpled in 10 forest,
10 shrubl and, and 10 grassland plots. Trees were sanpled in 10 mx 10 m
plots, shrubs in one 1 mx 2 msubplot centered within a tree plot, and
herbs and litter in one 0.1 mx 1 m sub-subplot centered within a sub-
pl ot. Root and soil nmass were sanpled in each 0.1 m x 1 m sub-subpl ot
with a 2-cmdianmeter soil corer at 0-15 cmand 15-50 cm depth. Three

soil cores were taken from each sub-subpl ot and depth and nixed. In
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some plots rocks prevented us fromtaking soil and root sanples fromthe
15-50 cm soil layer

| determined tree stem and | eaf nmass by neasuring tree hei ght
and di aneter at breast height (1.3 nm) and cal cul ating nass according to
the equations in Petersen & Petersen (1992). | determ ned shrub stem and
| eaf nass by neasuring basal stem di ameter and cal cul ati ng mass accord-
ing to regression equations. The equations for Synphoricarpos occiden-
talis, Shepherdia canadensis, and Corylus cornuta were established
from 30 shrubs per species growing just outside the plots (Table 2.2).
Equations for wolfwillow (El aesagnus comutata) and rose (Rosa acicu-
laris) were established from 30 shrubs per species growing in natura
prairie near Regina, Saskatchewan (Table 2.2). The regressi on equation

for wild red raspberry (Rubus idaeus) was taken from Brown (1976).

Laborat ory anal yses. —Bi omass and soil sanples were dried to
constant mass at 70°C and wei ghed. | took randomy sel ected subsanpl es
of all vegetation conpartnents of each plot for analysis of tissue N
content. Subsanples were one stemcore and five | eaves of each of five
trees, stens and | eaves of five shrubs, ten subsanples of forb | eaves,
grass | eaves, and herbaceous stems fromO0.1 mx 1 m sub-subplots, and
ten subsanpl es of soil and roots. Subsanples for each conpartnent in
each plot were pool ed, ground, and anal yzed for 15N and N using a
conti nuous-fl ow nmass spectroneter (Europa, Crewe, U K ) at the Depart-
ment of Soil Science, University of Saskatchewan. 319N val ues are

expressed in reference to the 15N concentration of standard at nospheric
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TABLE 2.2. Regression equations to calculate shrub mass (g) fromdi a-

nmeter at ground (d [m]) for species wthout previously published

equati ons.

Speci es

Regr essi on equat i on

Synphori car pos occidental i s
Shepher di a canadensi s

Coryl us cornut a

El aeagnus comut at a

Rosa acicul ari s

st emnass

0. 48285d? - 1. 92303d +3. 62547
0.37792d? - 3. 84917

0. 40064d? - 2. 13860d +4. 73454

0.01774d® +0. 00798d? +0. 39961d - 1. 2522

0.17882d% -0.54081

. 89

. 96

.90

.97

.82

Synphori car pos occidental i s
Shepher di a canadensi s

Coryl us cornut a

El aeagnus comut at a

Rosa acicul ari s

| eaf mass

6.925+10°% d* +1. 46048
0.02196d? +0. 43914d - 1. 65041
0. 05952d? - 0. 91247

0. 03891d? +0. 2386

0. 08036d? - 0. 16055

.44

. 89

.64

. 80

. 65

dinitrogen (Ny) with a N 1N ratio of 6~3668%% (Hoefs 1987) as

[15N:14N] in sanple [15N:14N] i n standard

5N
[15N:14 N] in standard

0 1000%o

| cal cul ated average 519N val ues and N concentrations for stens
(incorporating stens of trees and shrubs) and for |eaves (incorporating
| eaves of trees, shrubs, and herbs and herbaceous stens) by nultiplying
the &N val ue and the N concentration of each conpartnent with conpart -

nment nass and dividing the sumby the total nass of the pool ed conpart-
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Erratum
15N was actually measured as 15N/(15N+14N) and for this the standard used was 0.36637% for N2


nments. This is equivalent to first calculating the average By 14N ratio

across conpartnents and then converting it to 31N

Statistical analyses.— | conpared 51°N val ues, N concentrations
and N mass (N concentration - bionmass) between parks and anbng veget a-
tion types and conpartnents with an ANOVA, where park and vegetation
type were crossed, fixed factors, conpartnment was nested as a fixed
factor within vegetation type and crossed with park (MKone & Lively
1993), and plot nested as a random factor within park x vegetation type.
51°N data were honpscedastic and normal. Two &N val ues were excl uded
from anal ysi s because they were extrenely high (>100%, suggesting that
they were artifacts. N concentration data did not neet assunptions for
ANOVA. | did not find any transformation that woul d nake the data hono-
scedastic and nornal. Therefore, | used an arcsine-square-root transfor-
mati on, because it reduced heteroscedasticity nost. N nass data were |n-
transformed to achi eve honpbscedasticity and normality. | excluded N mass
data for the |l ower roots layer from analysis because of small sanple

size in sonme treatnment groups caused by rocky soil

2.3.4. Forest expansion

| calculated forest expansion in all parks from sequences of = 4
aerial photographs from 1930 to 1995 (National Air Photo Library,

Qtawa, Canada) (for details of photographs see Table 2.3). For each
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park | selected one area of 2-5 kn? that included conti guous areas of
grassl and and forest. | chose sites that | had visited or for which
veget ati on descriptions had been published (Raup 1935, Blood 1966b, Car-
byn 1971, Holland & Coen 1982) to ensure that the grasslands were nainly
of prairie type and not wetl ands. The phot ographs were digitized and the
resol uti on chosen so that the sanme geographical area within each park
was covered by approximately 1000 x 1000 pixels (Table 2.3). The i mges
were anal yzed by density-slicing (Frey & Curtin 1997), i.e., shades of
gray were nanual ly assigned to either forest or grassland and the nunber
of pixels of each vegetation type counted. | calculated the increase of
percentage forest area over tinme, e.g., if the forest area was 25% of
the total area in 1930 and 65% of the total area in 1990, the increase
was 40 percentage points (%) over a period of 60 years, an expansion
rate of 40 %/ 60 yr = 0.67 %/yr. The rates were calculated by fitting
linear regressions to percent forest area over tine in each park. |
tested with anal ysis of covariance whether the slopes differed anong
each other. Since not all slopes were equal | conpared the sl opes pair-
wi se with a Tukey-Kraner test (a = 0.05; Zar 1996) and pool ed equa
sl opes (Zar 1996).

| tested whether forest expansion rates could be described by
i near or non-linear regression on annual N deposition, nean annua
precipitation, |long-term change of annual precipitation, or long-term
change of nean annual tenperature. The long-termrate of change of
annual precipitation and of mean annual tenperature was calcul ated from

annual precipitation and nean annual tenperature data for 1942 - 1992
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(Envi ronment Canada, Otawa, Canada) and expressed as mmiyr and °C yr.
used records from Ednonton-Minici pal Airport, Regina Airport, Prince
Al bert Airport and Dauphin Airport to calculate the rate of precipita-
tion and tenperature change in Elk Island, Gasslands, Prince Al bert,
and Ri di ng Mountain because records of closer stations were not avail -
able for the whol e peri od.

| conpared the increase of N in biomass (above- and bel owground)
across vegetation types on the | andscape scal e between Jasper and El k
Island. | calculated the amount of Nin forest mass by multiplying the
percentage of forest (as calculated fromthe earliest and nost recent
air photographs) with the anbunt of N neasured in forest vegetation
(section 2.3.3, Fig. 2.7). | calculated the ampbunt of Nin grassland in
the sane way. By using 1996 neasurenents of N mass to calculate historic
N mass, | was assunming that the ambunt of N per area within a vegetation
type did not change over tine. This assunption is justified because N
deposition had no significant effect on N nmass in forests (section
2.3.3). Non the | andscape scale was then cal cul ated by adding N nmass in
forest and prairie. | did not test the increase of N nass for statisti-

cal significance, because the cal cul ati ons were based on neans.

2. 4. RESULTS

2.4.1. Atnospheric deposition and available soil N — anmpbng-park conparisons

Deposition rates in parks in the agro-industrial region were
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significantly higher than those in the forested region (Figs. 2.1,

2.2, Table 2.4). The difference was smaller during the second year (Fig.
2.2b), causing a significant year x region interaction (Table 2.4). This
was confirmed by separate univariate ANOVAs for each year (year 1: Fi14
= 79.2, P = 0.0009; year 2: Fi1.4 = 7.52, P = 0.05, Bonferroni-adjusted

o = 0.025).

Deposition rates were highest in Elk Island and | owest in Wod
Buffalo (Fig. 2.2a). Deposition rates in the agro-industrial region
showed a geographical pattern with high rates near Ednonton, declining
sout heastwards (Fig. 2.1).

Deposition rates varied significantly anong seasons (Table 2.4).
Rates were generally |lowest in winter and highest in sumer (Fig. 2.2b).
The seasonal pattern also varied significantly anong parks and between
years (season x park and year x season x park interactions, Table 2.4),
with Elk Island and G asslands receiving their highest daily Ninput in
spring and other parks in summer. Prince Al bert showed the |argest
seasonal variation: in summer 1994 it had the hi ghest deposition rate of
all parks (58.0 kg N ha 1 yr‘l); in spring 1996, it had the | owest of
all parks (1.1 kg N ha 1 yr'l).

Soil N availability was also significantly higher in parks in
the agro-industrial region than in the forested region (Fig. 2.2, Table
2.5). Seasonal variation was significant (Table 2.5) and sinilar to that
of deposition (Fig. 2.2d). Rates of available N were, on average, high-
est in spring or early sumer and declined during the growh period. N
availability in spring was exceptionally high in 1996 in Prince Al bert

(1533 kg N ha 1 yr-1y.
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FIG 2.2. Deposition of atnospheric N (a, b) and available soil N (c,
d) in six western Canadi an national parks (E: Elk Island, G G asslands,
J: Jasper, P: Prince Albert, R Riding Muntain, W Wod Buffalo) in the
agro-industrial (nore densely popul ated) and the forested (sparsely
popul at ed) region neasured for two years in four seasons (S summer
[md-June — August], F: fall [August — October], W winter [COctober —
May], Sp: spring [May — mid-June]). Bars represent nmeans + SE (a, c: n
= 751 days; b, d: n = 42 [agro-industrial region], n = 20 [forested

region]).
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Avail abl e soil N increased significantly with deposited N (Fig.
2.3, R® =0.29, Fy 45 = 18.5, P < 0.0001). The goodness of fit (RP)
increased to 0.39 when the exceptionally high N availability in spring
1996 in Prince Al bert was excluded. The regression shows a clustering of
poi nts according to season, because both N deposition and avail abl e soil
N were strongly seasonal (Figs. 2.2b, d). Across all sanple dates, i.e.,

i ndependent of season, nean daily available soil N also increased with

8_

~
1

Available soil N (In[kg ha-1 yr-17)

3 T T T T T T T T
0 1 2 3 4

N deposition (In[kg ha-1 yr-1p

FIG 2.3. Relationship between available soil N and N deposition in
si X western Canadi an national parks, four in the agro-industrial region
(rmore densely popul ated, black synbols) and two in the forested regi on
(sparsely popul ated, white synbols), nmeasured for two years in four
seasons (summer [mi d-June — August]: O, m; fall [August — Cctober]: A,
A; winter [Cctober — May]: 0O, O; spring [May — nmid-June]: o, e). Sym
bol s represent neans of 10 sanples. The significant regression for all

points is y = 4.249 + 0.437x (R% = 0.29).
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nmean daily deposition, but not significantly (R? = 0.48, F; 4 = 3.76,

P =0.12).

2.4.2. Atnospheric deposition and available soil nitrogen —Elk Island

Wthin Elk Island, deposition rates varied nost strongly with
season (F3’3 = 39.62, P = 0.0065) which expl ai ned 45% of the account ed-
for-variation in N deposition (cal culated by dividing the effect sum of
square by the sumof all effect sum of squares). Deposition, averaged
over all other treatnents, was highest in spring and declined during the
growmh period (Fig. 2.4). In grassland vegetation, however, the peak of
N deposition was in early sumer (Fig. 2.4), causing a significant sea-
son x vegetation effect (FG,424 = 4.63, P = 0.0001). Further, deposition
in unburned sites (averaged over grazing treatnents and soil types) was
simlar in forests and grassland and was hi gher there than in shrubl and.
In burned sites the order was reversed: shrubland > grassland > forest
(Table 2.6; fire x vegetation interaction, F2,424 = 6.41, P = 0.002).
Bruni sol sites received nore atnospheric N than luvisol sites, except in
burned grassland (Table 2.6; soil x fire x vegetation interaction,

F2’424 = 3.11, P = 0.05) and grazed sites received nore atnospheric N
than ungrazed sites except in unburned forest (Table 2.6; grazing x fire
x vegetation interaction, F2,424 = 4.14, P = 0.02). None of these inter-
actions contributed >6%to the accounted-for-variation, and thus prob-

ably have little inportance.
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Avail abl e soil N (Table 2.7) did not vary significantly with the
main effects of soil type, fire, grazing or vegetation type, but the
effects of these treatnents did interact significantly with season or
year in two- to fourway interactions. None of the interactions explained
nore than 6% of the accounted-for variation. Part of the variation was
caused by high N availability (4460 kg N ha 1 yr‘l) in one ungrazed
forest site on luvisol one nonth after a prescribed fire. Two nonths
later at the sane site, soil N was no |onger unusually high. There al so
was a tendency for grazed sites in interaction with other treatnents to
have higher N availability than ungrazed sites. Available soil N was not

significantly correlated with deposited Nwithin El k Island.

60 7 B Forest
Shrubland
El Grassland

.-'.-'.-'.-'.-'.-'.-.-.-'.-.-1—

R
R
R
R
R
R
R
R

N deposition (kg ha1 yrl)

"
"
"
"
"
"
"
"
"

Season: spring summer  fall winter

FIG 2.4. Deposition of atnospheric Nin Elk Island National Park,
west ern Canada. Spring: May —nmid-June, sunmer: md-June —August, fall:
August —Cctober, winter: October —Muy. Bars represent neans (+ SE) of

two years (n = 18-25).
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TABLE 2. 6. Rate of N deposition (kg ha 1 yr‘l) at Elk Island Nationa

Park (mean = SE, n = 751 days).

Tr eat nent Veget ati on

Soi | Fire Grazing For est Shr ubl and Grassl and

Bruni sol unburned ungrazed 14.7 £+ 5.5 15.7 + 6.4 18.0 + 5.9
grazed 15.8 £ 6.3 22.2 £ 7.6 23.7 £ 7.6

bur ned ungrazed * — — _

grazed 18.8 + 7.8 22.0 + 6.7 32.7 +10.3

Luvi sol unbur ned ungrazed 32.1 £ 7.5 17.4 £+ 5.4 21.5 £ 8.0
grazed 19.1 + 6.6 10.6 = 3.1 19.6 = 3.3

bur ned ungr azed 19.2 + 8.3 24.5 £+ 5.7 23.9 £ 6.0

grazed 21.1 £ 7.8 41.2 + 7.2 23.1 £ 7.4

* This conbi nati on does not exist at El k |sland.

TABLE 2.7. Availability of soil N (kg ha™l yr'1) at Elk Island National

Park (mean = SE, n = 751 days).

Tr eat ment Veget ati on

Soi | Fire Grazing For est Shr ubl and Grassl and

Bruni sol  unburned ungrazed 184 + 45 128 + 39 171 = 65
grazed 293 + 90 201 + 39 163 + 42

bur ned ungrazed * — — —

grazed 287 £ 60 218 + 66 289 + 34

Luvi sol unbur ned ungrazed 150 + 32 168 + 43 297 + 78
grazed 538 +239 287 + 71 399 +195

bur ned ungr azed 578 +443 262 + 42 425 +161

grazed 183 + 53 179 + 52 349 +102

* This conbi nati on does not exist at Elk Island.
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2.4.3. &™N and Nin vegetation and soil at Elk Island and Jasper

31°N val ues in vegetation and soil tended to be lower in E k
Island (22.1 kg ha 1 yr'l N deposition) than in Jasper (7.8 kg ha 1 yr'1
N deposition). The di fference between 319N val ues was significant,
however, only for sone conpartnment - vegetation type conbinations (Fig.
2.5; park x conpartnent[vegetation type] interaction: F17'241 =3.32, P
< 0.0001). 519N val ues of stens, |eaves, and litter in forest were si g-
nificantly lower in Elk Island than in Jasper, whereas 319N val ues of
aboveground nass in shrubland and grassland did not differ between the
parks (Fig. 2.5; park x vegetation type interaction: F2,54 = 2B P <
0.0001). Roots tended to have hi gher 519N val ues than other tissues and
519N val ues of soil were hi gher than 519N val ues of tissues. &N val ues
of roots and soils were significantly lower in Jasper than in E k Island
in the upper layer in shrubland and the |Iower |layer in grassland. In
shrubl and, |ower &N val ues are presunably due to the presence of N
fxing shrubs. In summary, 319N val ues of aboveground tissues (including
litter) tended to be lower in Elk Island than in Jasper and the differ-
ence increased with vegetation height.

N concentration of conpartnents (Fig. 2.6) varied little,
suggesting that the statistically significant differences have little
bi ol ogi cal neaning. N concentrations in stenms in Jasper shrubland were
hi gher than those in Elk Island because shrubland in Jasper consisted of
N-fi xi ng Shepherdi a, whereas shrubs in Elk Island were not N-fixing. N

concentration varied significantly between parks (F; 54 = &=2F= P =
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Forest ® Elk Island
10 7 O Jasper

I I I I 1
50-15cm 15-0 cm stems leaves litter
layer layer

FIG 2.5. 3°N val ues of vegetation and soil compartnments in a park
with high (Elk Island, e) and | ow (Jasper, o) N deposition (nmeans + SE,
n = 6-10; small circles denote n < 3). Conpartnents within a park that
share the sanme letter are not significantly different (Tukey-Kramer
test, a = 0.05). Significant differences between parks within a conpart -
nment are marked with asterisks between the circles (a-priori contrasts,

*» P<0.05 ** P<0.01, ***: P < 0.001).
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FIG 2.6. Concentration of N in vegetation and soil conpartnents in a
park with high (Elk Island, e) and |ow (Jasper, o) N deposition (nmeans
+ SE, n = 6-10; small circles denote n <3). Significant differences
bet ween parks within a conpartnment are narked with asterisks between the

circles (a-priori contrasts, *: P < 0.05, ***: P < 0.001).
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8=843== anong vegetation types (F2’54 = &=28= P = 8=B43=—= anong soil and
veget ati on conpartnents (F17,243 = &%= P < 0.0001), and with the inter-
action of parks and conpartnents (F17,243 = 2.69, P = 0.0004). However,
neans contrasts of conpartnents between parks were al nost all non-
significant.

N mass averaged over all conpartnents did not differ signifi-
cantly between Elk |sland and Jasper except for shrubland where N nass
in Jasper was significantly higher than in Elk Island likely due to the
presence of N-fixing shrubs (Fig. 2.7; park x vegetation interaction
F2,54 = 5.27, P =0.008). Total N mass increased al ong a successi onal
gradient fromprairie to forest (Fig. 2.7; vegetation type effect: F2,54
= 210, P < 0.0001) with an increasingly higher proportion of N stored
i n aboveground conpartnents (Fig. 2.7; conpartment effect: F8’144 =
68.42, P < 0.0001). Significant differences between Elk Island and
Jasper in N mass of the upper root layer in shrubland and grassland and
| eaves in grassland caused a significant park x conpartment interaction

(Fig. 2.7, Fg s = 4.94, P < 0.0001).

2.4.4. Forest expansion

Rel ative forest area (forest areal/(forest area + grassland area)
* 100% increased significantly in Elk Island, Prince Al bert, and Riding
Mount ai n (pool ed slope: 1.1 %/ yr [percentage points per year], Fig.

2.8) but not in Jasper, Wod Buffalo, and G asslands (ANCOVA testing
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Fig. 2.7. Amount of Nin vegetation in a park with high (E k Island,
e) and |l ow (Jasper, o) N deposition (neans + SE, n = 6-10; snall
circles denote n < 3). Significant differences between parks within a
conpartnent are marked with asterisks between the circles (a-priori

contrasts, *: P < 0.05, **: P < 0.01, ***: P < 0.001).
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equal ity of slopes anobng all parks: FE-GG =GB B ReemB=0 00— | exam

ined the relationship between the rate of forest expansion and the rate
of N deposition for parks on or north of the present forest-prairie
transition belt (i.e., all except Grasslands). The rate of forest expan-
sion (E) increased significantly with deposition (D) (Fig. 2.9; E = -
9.15 + 10.34/ (1+e 031D R2 = 0. 99, Fy , = 611, P = 0.002). Forest
expansion in the five parks was not significantly related with nean
annual precipitation (Fig. 2.10), |long-term change of annual precipita-
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Fig. 2.8. Forest expansion in six western Canadi an national parks
determ ned by digital analysis (density-slicing) of aerial photographs.
Four parks (E: Elk Island, G Gasslands, P: Prince Albert, R Riding
Mount ain) were in the agro-industrial (nore densely popul ated) region
recei ving high rates of N deposition and two parks (J: Jasper, W Wod
Buffalo) were in the forested (sparsely popul ated) region receiving | ow

rates of N deposition.
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tion, or long-termchange of mean annual tenperature.
N i n bi onass across vegetation types increased by 26% from 1949
(289 kg/ha) to 1993 (365 kg/ha) in Jasper and by 74% from 1947 (235

kg/ha) to 1995 (410 kg/ha) in Elk Island (Table 2.8).

157
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Forest expansion (%p/yr)
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Atmospheric N deposition (kg ha 1 yr1)

FIG 2.9. Relationship between rate of forest expansion (percentage-
points forest area per year, %/yr) and atnospheric N deposition in five
west ern Canadi an national parks. Three parks (E: Elk Island, P: Prince
Al bert, R Riding Mountain) were in the agro-industrial (nore densely
popul ated) region (black synbols) and two parks (J: Jasper, W Wod
Buffalo) were in the nostly forested (sparsely popul ated) region (white
synbols). The line represents the logistic regressiony = -9.15 +

10. 34/ (1+e 9-31%) (R2 = 0.99).
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2.5. DI SCUSSI ON

2.5.1. Atnospheric deposition —anpng—park conparisons

At nospheric deposition of Nin western Canada was higher in the
densely popul ated agro-industrial region than in the sparsely popul at ed,
forested region (Figs. 2.1, 2.2), reflecting higher N em ssions from
i ndustry and transportation in the agro-industrial region (Environment
Canada 1996). This pattern was sinilar to that of the whole continent,
where high rates of atnpbspheric N deposition have been neasured in and
downwi nd of industrialized areas of the northeastern United States and

sout hern Canada (Johnson & Li ndberg 1992, NADP 1994, 1995, 1996).
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per LJ ontrolled by
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300 400 500

mean annual precipitation (mm)

FIG 2.10. Relationship between rate of forest expansi on (percentage-
points forest area per year, %/yr) and annual precipitation in six
west ern Canadi an national parks. Four parks (black synbols) are exposed

to high N deposition, two parks (white synmbols) to | ow N deposition.
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TABLE 2. 8.

nat i onal

neasurenents in 1996 (Fig. 2.7) and air

Amount of N in bionmass (above-

and bel owgr ound)

in two

photo interpretation (Fig.

parks in western Canada based on N concentration and nass

2.8).
Jasper El k Island

year: 1949 1993 1996 1947 1995 1996
forest

area (9 41 58 — 24 81 —

amount of N (kg/ ha) — — 553 — — 469
grassl and

area (9 59 42 — 76 19 —

amount of N (kg/ ha) — — 105 — — 161
grassl and + forest

area (% 100 100 100 100

cal cul ated anount of N 289 365 235 410

i ncrease in anmount of N 26% 74%

The highest rate of N deposition was observed in Elk Island, the

2.1, 2.2a).

The high rate was

park closest to a metropolitan area (Figs.
presunably due to N eni ssions from Ednonton (popul ati on 840, 000) which
produces 37-168 kg NO-N ha 1 yr'1 conpared to 1077 kg NO,-N ha 1 yr'1 in
northern Al berta (population <1 inhabitant/kn?) (Envi ronment Canada
1996). The | argest sources of NQ in and around Ednonton are power
furnaces, and traffic exhausts (Legge 1988).

pl ants, petrol eumindustry,

I ndustrial amoniumenissions in Al berta are | ow (Environnent Canada
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1998), constituting <5% of NO,-N enissions. Non-industrial anthropogenic
sources (hog and chicken farms, liquid fertilizer application) are pre-
sumably even snaller, but no official statistics are avail able. Amonia
concentrations in the air are usually below the detection limt (Mrick
& Hunt 1998).

El evat ed deposition rates in Gasslands, Riding Muntain, and
Prince Albert (Figs. 2.1, 2.2a) may be caused by the prevailing westerly
and northwesterly winds carrying N particles fromsources in Ednonton
and Cal gary (popul ation 750,000) and fromoil refineries on the Al berta-
Saskat chewan border west of Prince Albert (Fig. 2.1). High deposition
rates east of Al berta may al so be associated with fertilizer application
in the surrounding agricultural regions. This would be consistent with
t he high deposition rates | observed during early sumer (when farners
apply fertilizer) and the | ow rates observed in winter (Figs. 2.2b, d).
Oficial statistics, however, assune that no neasurable amounts of NQ
are released fromapplied fertilizer (Environment Canada 1996).

My N deposition rates, nmeasured w th ion-exchange resin, corre-
spond with those neasured by a conbination of nmethods in sinilar regions
in the Integrated Forest Study (IFS, Lovett & Lindberg 1993). Assuning
that wet deposition is about ;2 of total deposition (Lovett & Lindberg

1

1993), wet deposition in nmy study ranged from5.1 kg N ha 1 yr = in the

forested region to 11.0 kg N ha 1 yr‘1

in the agro-industrial region
These values are simlar to those neasured at | ow deposition sites in
the I'FS, but are considerably greater than wet deposition neasurenents

by met eorol ogical stations in the northern Great Plains (NADP 1994,
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1995, 1996, CAPMbN. M Shaw, pers. comm ). Higher deposition rates in

nmy study and in the IFS are presumably caused by the presence of sur-
roundi ng vegetation fromwhich rain drops can re-insert dry-deposited
particles into the boundary |ayer (Lovett 1994). Hi gher rates nmay al so
result fromthe capture of coarse dry particles that had hi gher N con-
centration than fine dry particles (Shachak & Lovett 1998). Coarse dry
particles are not included in commopn neteorol ogi cal neasurenents. Capil -
lary water may have transported mineral N fromthe soil or litter to the
resin bags. However, this contributed only marginally to ny higher depo-
sition rate measurements, because | found that resin bags take up nore N
from deposition than from N conversion processes in the soil or the

litter layer (Kbchy & WIlson 1997).

2.5.2. Available soil nitrogen —anpng—park conpari sons

Prince Albert and Elk Island had the hi ghest rates of available
soil N anmpobng parks in the agro-industrial region (Fig. 2.2c). The
seasonal pattern of soil N availability was simlar to that for deposi-
tion rates (Fig. 2.2b, d). Mst remarkable was the high soil N avail a-
bility in Prince Albert in spring in 1996 (1540 kg ha 1 yr'l). Spring
rates in other parks were either |ow or conparable to rates in other
seasons, suggesting that the high N availability in Prince Al bert was
exceptional

Avail abl e soil N increased with deposited N across all parks
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(Fig. 2.3), presumably because nost of the deposited N enters the soi

by stenflow and throughfall (Eilers et al. 1992). A positive correlation
bet ween soil N and N deposition was al so observed in an Austrian spruce
forest (Kazada & Katzensteiner 1993). N added to N-linited ecosystens,
such as natural forests or grasslands, is retained al nost conpletely
(Kenk & Fischer 1988, Aber et al. 1993). Therefore, N deposition nay

i mprove mneralization in the soil (Mrecroft et al. 1994) and

contribute to accelerated N cycling in these ecosystens.

2.5.3. N deposition and availability —Elk Island

N deposition and soil N availability within Elk Island varied
nost clearly with season. Remaining variation with grazing, fire, vege-
tation type, and soil type was |large conpared to the treatnent neans and
i nconsistent (Fig. 2.4, Tables 2.6, 2.7). Local variation in deposition
may have been caused, for exanple, by ammoni a rel eased from ungul ate
urine deposits (Redman 1975, Nason et al. 1988) or by vegetation height
and density (Heil et al. 1988, van Dam 1990, Binkley 1995). Local vari a-
tion in available soil N may be due to breakdown of organic matter from
recent fires, patchy urine and faeces deposits, higher uptake of N by
grazed plants to conpensate for | osses by grazing (Risser & Parton 1982,
Stock & Lewis 1986), and interception of deposited N by litter on the
ground (Knapp & Seastedt 1986, Kbéchy & WIlson 1997). Thus, N deposition

was not reflected in soil N availability within Elk Island, probably
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because the spatial variation of N deposition within Elk Island was

| ar ge.

2.5.4. &™N and Nin vegetation and soil at Elk Island and Jasper

Vegetation in Elk Island had generally | ower 519N val ues than
vegetation in Jasper. The difference was strongest for stens, |eaves,
and litter in forests (Fig. 2.5), presunably because they were nore
exposed to deposition and had a | arger receptor surface than shrubl and
or grassland vegetation (Boyce et al. 1996). Lower 519N val ues in Jasper
shrubl and soil and roots than those in Elk Island are presunably due to
the presence of N-fixing shrubs. It is unclear, however, why the differ-
ence was not observed in stens, |eaves, and litter in shrubland.

The difference of &N values of stens, |eaves, and litter
between El k Island and Jasper ranges between 2% and 4%.in forest. |
suggest that this difference could be due to increased ant hropogenic
deposition in Elk Island (Macko & Ostrom 1994) originating nostly from
15N—depleted nmot or vehi cl e exhausts (Heaton 1990) that emtted 43% of
all NQ in Alberta in 1990 (Environment Canada 1996). The difference
between the two parks is in the sane range as that neasured along a
gradient of NOQ pollution fromnotorways in Switzerland (Ammann et al
1999). The concl usion that car exhausts have caused the decrease of 319N
val ues in western Canada is based on the assunption that the 15N si gha

is nmore or |ess undiluted by atnospheric processes. Mre research about
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how t he 15N signal changes fromsource to plant tissue is required to
make nmore confident statements.

In forest and shrubl and, &N val ues of stens, |eaves and litter
were lower in Elk Island than in Jasper (Fig. 2.5). Stens in forest
showed the | argest difference between the parks. (CObserve that 31°N
val ues of roots in forest are simlar in both parks, suggesting that
di fferences were nostly due to aboveground uptake, cf. Boyce et al
1996) . Wbod accunul at ed 15N—depleted N over tinme and therefore nmay
present a clearer signal than other tissues (see Gebauer & Dietrich
1993). Stens in Elk Island shrubland al so show the accumnul ati on of 15\
depleted N as the 319N val ues of stenms is much |ower than that of roots.
The difference between shrubland stens in Elk |Island and Jasper, how
ever, is obscured because | ow 3°N val ues of Jasper shrubland soil (Fig.
2.5), caused by N fixing shrubs, presunably decreased 51°N val ues in the
whol e plant (Normik et al. 1994).

In grassl and, 519N val ues of leaves and litter were as high in
Elk Island as in Jasper (Fig. 2.5). 51°N val ues in Elk Island grassl and
may not have been increased by deposition because of the high stenfl ow
in grassland (van Dam 1990). Deposition to grassland may al so have been
reduced by filtration by surrounding forests (Bobbink et al. 1990).

519N val ues of soil were al ways hi gher than those of tissues
(Fig. 2.5). This reflects isotopic fractionation processes during decom
position, nitrification, denitrification, amonia volatilization, and
| eaching of depleted nitrate (Handley & Raven 1992). The increase of

519N val ues with soil depth (Fig. 2.5) has been attributed to repeated
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mcrobial nitrification and mneralization during the downward novenent
of organic and inorganic N conmpounds and the input of 15N—depleted
litter to the soil surface (Nadel hoffer & Fry 1994). Hi gher 319N val ues
in soil in Elk Island grassland and shrubl and m ght indi cate higher
rates of deconposition, mineralization and N | oss, possibly due to the
hi gher availability of N (Hunt et al. 1988).

A smal | anount of deposited Nis assinmlated by |eaves (van
Vuuren & van der Eerden 1992, Brumme et al. 1992, Lunmme 1994), but in ny
study, N deposition at Elk Island may have been too small to increase N
concentrations in leaves and litter significantly (Fig. 2.6). The higher
N concentration of shrubland stens in Jasper occured because the shrubs

were associated with N-fixing bacteri a.

2.5.5. Forest expansion

Forests in high-deposition parks expanded ten tines faster (Fig.
2.9) and, by increasing in area, accunul ated nore nitrogen (Table 2.8)
than forests in | owdeposition parks. Wody species that invade grass-
| and reduce avail able soil N nore strongly than grasses (chapter 5) and
may benefit nmost fromN fertilization by deposition. The fertilization
may | ead to accel erated N cycling (Hogbom & Hogberg 1991, Berendse
1994b), increase water-use efficiency of the woody invaders (Bert et al
1997), decrease conpetition for N, and increase conpetition for |ight

(Haugl and 1993, Reynolds & Pacala 1993). This may favour fast grow ng,

54



2/46

weedy species and tall, woody species (Tilnman 1988, Vitousek et al
1989, WIlson & Tilnan 1995). Fast-grow ng species nmay be especially
favoured because the annual peak of atnospheric N deposition coincides
with the period of nobst rapid growh in late spring and early sunmer,
and because the highest deposition locally was found in grassland vege-
tation (Fig. 2.4). Fast-growi ng species also often produce N-rich litter
t hat deconposes quickly (Vitousek & Wal ker 1989, Berendse 1994b, Eck-
stein & Karlsson 1997). In ny study, N deposition did not increase N
concentrations in litter (Fig. 2.6), perhaps because the dom nant tree,
Popul us trenul oi des, relocates nbst N before | eaf abscission (Taylor et
al. 1989). Trees are further favoured by deposition because their tal
growth formallows themto scour air for nutrients nore effectively than
grasses (Kellman & Carty 1986, Binkley 1995) and thus increase deposi-
tion rates which results in a self-naintaining positive feedback (Vetaas
1992, WIlson 1998, chapter 6). H gher water-use efficiency of trees
i nduced by increased deposition (Bert et al. 1997) may enable themto
i nvade tenperate grasslands restricted to dry, coarsely textured soils.
However, the high initial proportion of forest in Wod Buffal o Park
(Fig. 2.9) may indicate that substantial woody biomass can exist in
areas with | ow deposition and that forest expansion is not controlled by
N deposition. This argunent, however, is nmuch weakened by the fact that
in four parks with simlar initial proportion of forest, expansion rates
were strongly correlated with the deposition rate (Fig. 2.9).

The forest expansion curves of Elk Island, Prince Albert, and

Ri di ng Mountain, have a simlar shape. Apart from having a general in-
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creasing trend, there is slower or reversed expansion around 1970. This
dip is also apparent in the other parks and coincides with | ower annua
tenperatures in the sane tine franme. Lower tenperatures nay have sl owed
forest expansion. In contrast, an even stronger dip in annual tenpera-
ture around 1950 did not appear to have reduced expansi on. Forest expan-
sion in R ding Muntain was sl ow between 1931 and 1959. This could be
related to the tine needed for the gradient of high atnospheric NQ-
concentrations to extend fromthe Ednonton-Calgary area to the park. It
is unlikely that different fire histories in the parks would be corre-
lated with forest invasion, because it was standard park policy to pro-
tect the forest and to suppress or extinguish wild fires. Elk Island is
using presribed burns, but also has the highest forest expansion rate.

Wod Buffalo with an initial woody cover in 1955 of 77% stands
out anmong the parks. One could argue that its rate of forest expansion
was | ow because its forest was not capable of much additional expansion
However, the description of the general area in c. 1920 (G aham 1923)
and the site in 1930 (Raup 1935) that was covered by air photographs
suggests that dry grassland used to be nore abundant before 1955. Mire
recent observations also indicate that expansion is still continuing
(Schwarz & Wein 1997). Forest has decreased grassland area in the park
from=85 ha in 1928 to 3 ha in 1982 (Schwarz & Win 1997). Thus, forest
expansi on in Wod Buffal o was not constrai ned.

In Grasslands National Park, forests did not expand despite high
N deposition (Fig. 2.8). This park lies outside the forest bione, with

its forests consisting of Populus tremuloides restricted to a few river
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val | eys. Popul us trenul oi des has no particul ar adaptation to tolerate
water deficits, therefore, forest expansion in Gasslands may be nore
limted by npoisture than by nitrogen

Aross ed== parks, forest expansion was not related to annual pre-
cipitation. It was, however, related to precipitation in the three parks
wi th annual precipitation <420 mm (Fig. 2.10). Above this threshold,
forest expansion seenmed to be nore related to N deposition rates (Fig.
2.10). The inclusion of nmore sites with a wider range of N deposition
and annual precipitation could clarify whether there is an interaction
bet ween annual precipitation and deposition

My study suggests that anthropogenic N deposition could be a
factor contributing to forest expansion in nore densely popul ated areas
(Fig. 2.9) whose role has been overlooked so far. Forest expansion has
been attributed to an decrease in mean annual tenperature (Buell &
Cantl ow 1951, Vetsch 1987) and changes in weather patterns (Bailey &
Woe 1974), but | found no significant correlation with long-term
tenperature increase or with annual precipitation. Expansion of woody
species and forest clunps in arid grasslands used to be checked by re-
current wild fires and browsing by bison on the trees and shrubs (Bird
1961, Archer 1996, Bork et al. 1997). Aspen, however, the nmain tree in-
vader in cool-tenperate arid grasslands, increases with fire frequency
up to a certain point (Cole & Taylor 1995) because of its rapid regener-
ation fromroots, but decreases under an annual fire regi me (Svedarsky
et al. 1986). Aspen is elinmnated only by intense fires followed by in-

tense browsing (Bork et al. 1997). The elimnation of wild fires and bi -
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son may be a precondition for forest expansion in grassland. My study
suggests that N deposition is accelerating forest expansion. Future
studi es should aimat deternining the relative contributions of fire,
herbi vory, and fertilization by N deposition

The average expansion rate of forest in high-deposition parks
was 1 %/ yr [percentage-points forest area per yr] (Fig. 2.9). This is
inline with earlier estimtes and neasurenents of expansion rates of
between 0.5 %/yr and 5 %/yr, with higher rates closer to nore densely
popul ated areas (Mini 1960, Bailey & Woe 1974, Vetsch 1987, Berger &
Baydack 1992) where rates of N deposition are higher. Forest expansion
may not have increased linearly with deposition but |eveled out at about
15 kg N ha 1 yr‘1 for various reasons. (1) The forest at Elk Island may
have reached a point of N saturation where N |osses equal N inputs (Aber
1992). (2) The rate of nitrogen cycling in the systemmy be at its
maxi mum under current climtic conditions. (3) There nmay be a tinme | ag
bet ween increases of N deposition and forest expansion (Aber et al
1997), or (4) intensive browsing by ungul ates may have sl owed forest
growm h (Canpbell et al. 1994). Forest expansion was probably not greatly
limted by availability of germination sites because the dom nant tree,
Popul us trenul oi des, spreads easily by suckers.

The addition of N to ecosystens through deposition should result
in an increase of Nin bionmss (Rode 1993). | found that the additiona
N has been stored nostly in the increased area of forest (Table 2.8)
with a conconitant decrease in grassland area, supporting ny hypothesis

that N deposition nmay have caused a shift in vegetation types. The
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additional N generally did not increase the N concentration within in-
di vi dual vegetation types (Fig. 2.6) or produce nore biomass of the sane

vegetation type per area (Fig. 2.7).

2.5.6. Concl usi ons

N deposition in the agro-industrial region was >2 tines higher
than in the forested region. The N that was added to the ecosystens
apparently resulted in higher soil N availability, which appears to have
contributed to the expansion of forest into grassland and hi gher N nmass

in the region.
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