BOREAL ENVIRONMENT RESEARCH 22: 231-244

ISSN 1797-2469 (online)

© 2017
Helsinki 3 February 2017

Uncertainty-based terrestrial critical loads of nutrient nitrogen
in northern Saskatchewan, Canada

Carolyn A. Murray', Colin J. Whitfield>* and Shaun A. Watmough?®

" Global Institute for Water Security & Centre for Hydrology, University of Saskatchewan, 117 Science
Place, Saskatoon, SK, S7N 5C8, Canada

2 School of Environment and Sustainability & Global Institute for Water Security, University of
Saskatchewan, 11 Innovation Boulevard, Saskatoon, SK, S7N 3H5, Canada (*corresponding
author’s e-mail: colin.whitfield @usask.ca)

3 School of the Environment, Trent University, 1600 West Bank Drive, Peterborough, Ontario, K9J 7B8,
Canada

Received 28 Apr. 2016, final version received 9 Jan. 2017, accepted 10 Jan. 2017

Murray C.A., Whitfield C.J. & Watmough S.A. 2017: Uncertainty-based terrestrial critical loads of nutri-
ent nitrogen in northern Saskatchewan, Canada. Boreal Env. Res. 22: 231-244.

Atmospheric deposition of nitrogen (N) to boreal and taiga forests of Saskatchewan,
Canada, is currently low, but there is concern over terrestrial eutrophication due to poten-
tial increases in deposition associated with industrial activities. Critical loads of nutrient N
(CL, N) were determined for five upland forest ecoregions according to the Simple Mass
Balance (SMB) model using an uncertainty-based approach. Median ecoregion CL, N
ranged from 88 to 123 mol_ ha™ yr' (1.2-1.8 kg N ha™' yr'), with higher CL_ N in the
south. Median CL, N for a small number of sites in the southernmost ecoregion were
exceeded under both fire and harvest disturbance regimes, according to current N deposi-
tion. During the 21st century, median CL, N were predicted to increase by more than 20%
in response to climate driven increases in runoff and temperature. Current atmospheric
deposition levels in the region are uncertain, and there is an ongoing need to monitor depo-

sition and exceedance risk.

Introduction

Nitrogen (N) is an important nutrient for plants
and is often the limiting nutrient in terrestrial
ecosystems (Aber et al. 1989). Consequently,
where elevated inputs of N (e.g. from atmos-
pheric deposition) occur, eutrophying effects
including altered plant growth rates (Aber et al.
1989) and shifts in species composition (Nordin
et al. 2005) can result. A number of studies have
noted a significant decrease in species diver-
sity under conditions of increased N deposition
(Aerts and Berendse 1988, Bobbink ef al. 1988,
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Huenneke et al. 1990). The extent of the impact
of increased N deposition has been found to
decrease from grassland to forested sites, with
coniferous forests being the least affected by
increased N, but considerable variability exists
due to differences in soil type, water table, and
stand ages (Wamelink ez al. 2009). Increased
N inputs have also been linked to poor drought
resistance, and higher sensitivity to interannual
climatic variations (Tilman 1999).

In recent decades, ecosystem-based critical
loads (CL) have been widely used in Europe
(Hettelingh et al. 2001) to guide N deposition
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management policies. The CL identifies the high-
est level of deposition that can be sustained over
the long-term without detrimental impacts to
sensitive biota (Nilsson and Grennfelt 1988). The
CL of nutrient nitrogen (CL, N) is the amount of
N deposition an ecosystem can support with-
out causing eutrophication over the long-term.
The CL, N is generally determined according
to one of two approaches. The empirical CL, N
is established based on documented detrimental
effects to sensitive vegetation species for simi-
lar ecosystem types (e.g. Bobbink ef al. 2010).
This approach can be useful where observational
data necessary to determine steady-state CL are
limited; however, it relies on the underlying
behaviour of analogous systems to be consistent
and this can be difficult to know a priori. The
steady-state CL, N (Umweltbundesamt 2004)
characterizes the equilibrium (long-term) state of
an ecosystem (i.e. unchanging climate) accord-
ing to a mass balance approach that quantifies
sinks of N for the system or site of interest. Both
approaches are subject to methodological limi-
tations and uncertainties associated with data;
accordingly, the CL, N identified by these meth-
ods can be quite different.

In Canada, CL have rarely been used to
address the issue of terrestrial eutrophication,
despite a legacy of elevated N deposition in some
regions. The empirical CL, N was recently used
to assess the risk of eutrophication in temperate
regions of Ontario, Canada (Aherne and Posch
2013). In western Canada, growing emissions of
N to the atmosphere associated with transporta-
tion and natural resource extraction, most notably
the Athabasca oil sands region in northeastern
Alberta, are a concern (Clair et al. 2015). Given
current evidence suggesting retention of the lim-
iting nutrient N in upland boreal forests of west-
ern Canada (Laxton et al. 2012), and indicators of
early stages of N saturation in forests surrounding
industrial activities (Laxton et al. 2010), eutroph-
ication may be a risk for boreal ecosystems of the
region. Taiga and boreal regions of the province
of Saskatchewan (SK) are downwind of pollu-
tion sources associated with the oil sands indus-
try, and fossil fuel reserves in northern SK may
be developed in the future which could lead to
further increases in N deposition in the region.
Emissions sources in more southern parts of the
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province (resource extraction, electricity and heat
generation, transportation, and agriculture) are
also important (Government of Saskatchewan
2013) for the southern boreal forests of SK. For
these reasons, it is important to define the CL, N
and identify exceedance (present and future) of
the CL in order to minimize potential eutrophica-
tion of these ecosystems.

The central objective of this study was to
estimate the steady-state CL, N for upland forest
ecoregions of northern SK. The hypothesis is
that the ecoregions will exhibit different CL, N
owing to differences in N dynamics across
the region. An uncertainty-based approach to
account for parametric uncertainty in N sinks
within the rooting zone of the forest soils was
used and the major disturbance regimes in the
region, forest harvesting and fire, were consid-
ered. The supporting objectives were to calculate
exceedance of the CL, N in order to identify
where eutrophication is most likely to occur, and
to investigate how anticipated changes in climate
during the 21st century may affect the CL, N.
The latter is important because CL estimations
are premised on the assumption of an unchang-
ing climate (Posch et al. 2002), but regions of
northern SK have been identified as particularly
sensitive to climate change (e.g. changes in
the water balance in the 21st century; Ireson et
al. 2015). Detailed steady-state CL, N for this
region will inform the risk of eutrophication
because N availability across much of the region
is very low and it remains unknown whether
the empirical CL, N established for the more
impacted (via air pollution) boreal forests of
northern Europe is suitable for taiga or boreal
forests in the study region.

Data and methods
Study area

The study area was located in northern SK, a
province in western Canada that is dominated
by prairie in the south, and forest in the north
(Fig. 1). The provinces northern and predomi-
nantly forested ecoregions (Selwyn Lake Upland
(SLU), Tazin Lake Upland (TLU), Athabasca
Plain (AP), Churchill River Upland (CRU), and
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Fig. 1. Location of the
study sites (filled circles)
in boreal and taiga ecore-
gions (SLU: Selwyn Lake
Upland; TLU: Tazin Lake
Upland; AP: Athabasca
Plain; CRU: Churchill
River Upland; MBU: Mid-
Boreal Upland) of northern
Saskatchewan, Canada.
The thin black lines are
ecoregion boundaries
(note that MBU is discon-
tinuous) and white areas
are waterbodies (rivers or
lakes).

Mid-Boreal Upland (MBU)) were considered in
this analysis. Ecoregions are a sub-division of
ecozones, differentiated by their dominant plant
and animal communities, soil type, and climate
(Table 1). Saskatchewan experiences a semi-
arid, humid, or subarctic continental climate
depending on the region. The average winter
and summer temperatures for the most northerly
study region are —21.5 °C and 11 °C, respec-
tively and —14.5 °C and 14.5 °C respectively for
the southerly areas (Environment Canada 2015).
The SLU and TLU are taiga forest, while the
remaining three ecoregions are boreal forest. The
MBU has historically been managed for com-
mercial forest harvesting while the other ecore-
gions are remote with land disturbance limited to
localized mining operations.

A total of 199 upland forest sites supporting
a variety of canopy types (e.g. Populus tremu-
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loides (trembling aspen), Pinus banksiana (jack
pine), Picea glauca (white spruce), and Picea
mariana (black spruce), were sampled during
2011 and 2012 (Fig. 1). The focus was exclu-
sively on upland forests, and wetland and ripar-
ian areas were not considered. Each ecoregion is
comprised of subunits called ecodistricts; mul-
tiple sites within each ecodistrict were sampled
to ensure that the ecoregions were adequately
spatially represented. For the taiga ecoregions,
this stratified sampling approach was not car-
ried out owing to the remoteness and challenges
associated with access (only selected ecodistricts
were sampled). Sites were selected to be mini-
mally impacted by disturbance (roads, and recent
fire or harvesting). The study area is remote
and as such, the distribution of sites was partly
influenced by accessibility (via road or air).
Additional details on site selection and soil sam-

Table 1. Dominant vegetation species and soil types, and average annual temperature (°C) of the five ecoregions.

See text for full ecoregion names.

Ecoregion Dominant vegetation Dominant soll Average temperature
SLU black spruce dystric brunisol -5

TLU black spruce dystric brunisol -5

AP jack pine dystric brunisol -3.5

CRU jack pine, black spruce dystric/eutric brunisol, gray luvisol -2.5

MBU trembling aspen gray luvisol, dystric brunisol 0
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pling are described in Whitfield and Watmough
(2012).

A single soil pit was excavated at each site and
horizon-based sampling of the mineral soil layers
within the rooting zone and subsoil (e.g. horizons
A—-C) was completed using a volumetric sampling
ring and hammer corer to determine soil bulk den-
sity (p). Forest floor was sampled from a quadrat
of known area. Composite samples were collected
for each horizon, using soil from all sides of the
pit. Rooting zone depth was estimated visually.

Soil analysis

Composite and p samples were air-dried and
sieved to 2 mm preceding further analysis. Min-
eral soil p was determined by gravimetric analy-
sis. All mineral horizons within the rooting zone
were analysed for organic matter content (OM),
and particle size. Organic matter content was
determined by measurement of loss-on-ignition
after heating oven-dried soils at 375 °C for 16 h
in a muffle furnace (Ball 1964). The proportions
of particles in the clay, silt and sand size classes
(=2 um, 2-60 pym and 0.06-2.0 mm, respec-
tively) were measured in triplicate by laser abla-
tion (Horiba Partica LA-950) and averaged for
each soil horizon. Carbon and N contents were
determined using an Elementar CNS analyzer
for all horizon samples with OM > 2%; N was
below detection at lower OM contents.
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Vegetation and climate data

Species-specific aboveground biomass N content
(kg ha™") was determined according to Rencz and
Auclair (1977), Jokela et al. (1980), Perala and
Alban (1982), Halliwell and Apps (1997), and
Ruess et al. (2003). Ecoregion-specific basal
area for each species (McLaughlan et al. 2010)
was used to normalize aboveground biomass N
from the above studies to northern SK forests
(Table 2).

Gridded monthly climate normals (Mitchell
et al. 2004) were used to estimate long-term
average annual precipitation (P) and runoff (Q)
each site. Recent modeled (2013 meteorological
year) N deposition estimates (P.A. Makar unpubl.
data) were used to calculate exceedance of the
steady-state CL,_N. Projected Q and tempera-
ture were downscaled (resolution: ~2.5 degree
latitude by longitude) from the Canadian Earth
System Model (CanESM?2: Chylek et al. 2011).
The relative concentration pathways (RCP) 2.6
and 8.5 were considered as they represent the
‘best’ and ‘worst’ case scenarios for the future,
respectively. The former is a ‘peak-and-decline’
scenario, where greenhouse gas emissions and
air pollutants are reduced significantly over time
due to changes in energy use (van Vuuren et al.
2011) while the latter characterizes increasing
greenhouse gas emissions over time as a result of
rapid population growth and lower rates of tech-
nological and energy use change. Averages for

Table 2. Above-ground nitrogen (N) content, basal area, fire return period and stand age data used to calculate
nitrogen uptake in fire and harvest disturbance regimes. Nitrogen content values in parentheses represent bole-
only N content used for the harvesting regime in the Mid-Boreal Upland (MBU).

Region Species N content®  Basal area® Basal area Fire return Stand age
(kg ha™) (mean, m? ha™) (study area)® period  (harvest rotation)
(mean = SD, m? ha™) (yr) (mean + SD, yr)
SLU & TLU  jack pine 196 30.4 82+27 113 61+7.8
SLU & TLU  black spruce 165 36.7 51+17 113 105 +3.8
AP & CRU  jack pine 196 30.4 13.2+3.6 102 74 + 8.6
AP & CRU  black spruce 165 36.7 89+22 102 90 +£5.7
AP & CRU  trembling aspen 368 34.7 9.8 +3.1 102 67 +8.2
MBU jack pine 196 (93) 30.4 20.3+45 169 69 +8.3
MBU black spruce 165 36.7 141 1.7 169 91 +3.6
MBU trembling aspen 368 (199) 34.7 19.9+45 169 70 +£8.3
MBU white spruce 326 (98) 411 18.7+23 169 85 +3.6

3 From Perala and Alban (1982), Rencz and Auclair (1977), Ruess et al. (2003); and Jokela et al (1980).

® McLaughlan et al (2010).
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the 2071-2100 period were used to characterize
climate variables for these scenarios.

Steady-state critical load calculation

A steady-state method was used to calculate the
long-term CL, N. The calculation uses N sinks,
acceptable losses to leaching, and losses to the
atmosphere to define a maximum load of N
(Umweltbundesamt 2004):

CLnutN = Ni + Nu + Nle(alcc)/(1 _‘f;le) (1)

where N is the long-term net immobilization of
N in the rooting zone, N is the average long-
term uptake of N by vegetation, N . is the
acceptable N loss to leaching below the rooting
zone, and f, is the fraction of N deposition that is
denitrified (Umweltbundesamt 2004). Consistent
with standard practice, erosion, volatilization,
and adsorption are assumed to be negligible
(Umweltbundesamt 2004). For N terms based
on canopy type (N, N, _ ), a single species was
assumed herein according to observations of
dominant tree species at each site.

An uncertainty-based approach was used to
account for the limited observational data avail-
able to describe N behavior at each study site.
Generally, a normal distribution [sampled as
mean =+ 1 standard deviation (SD)] where site or
regional data were available, or a uniform distri-
bution based on the range of available estimates
from other regions, were used to quantify uncer-
tainty in each term in equation 1 (Table 3). For
each site, 1000 iterations were used to sample
from the distributions and characterize the
steady-state CL, N.

Nitrogen immobilization, the capacity to
store N in the soil organic matter, was estimated
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by dividing the current N pool by the soil age
(years since deglaciation):
N, =pN_ z/soil age 2)

Site-specific data were used for p, N content
(N, and rooting depth (z). Because N, is
estimated from N_ . it would include any N
fixed by biota (microbes and plants). Soil age
for each region was characterized from glacial
retreat phase maps from Christiansen (1978),
region-based soil ages were used as they most
accurately represent the glacial retreat pattern of
the study area. The N, estimates were grouped by
ecozone, and a truncated normal distribution for
each region was used to characterize N, with one
SD used to truncate the distribution. Where this
approach yielded values outside typical guide-
lines (Umweltbundesamt 2004), the 5th or 95th
percentile of observations for the region as a
whole was used to constrain the lower or upper
bound of the distribution, respectively.

Nitrogen uptake was calculated to reflect (1)
high intensity fire and (2) harvesting disturbance
regimes. Disturbance by high intensity, stand-
replacing fire typical of the region (Weir et al.
2000), was determined for the entire study area.
For simplicity, it was assumed that all N in above-
ground tree compartments (bole wood, bark,
branches, and foliage) represents an uptake flux
lost during fire events. In contrast, disturbance
by tree harvesting was considered only for the
study sites with merchantable species (trembling
aspen, jack pine, white spruce) located in the
commercial forest zone (MBU sites). Common
practice in SK is to limb trees onsite and spread
the discarded branches and foliage (slash) over
the cut-block to promote natural revegetation,
thus only the bole wood and bark were included
in the harvesting uptake flux. These disturbance

Table 3. Distribution type for each Simple Mass Balance parameter for CL, N calculation, source of data used to
describe distribution, and scale at which distribution applies.

Parameter Distribution type Data source Scale
N, normal this study ecoregion
N, normal this study ecoregion
N (aco) uniform Umweltbundesamt (2004) site

fro uniform Umweltbundesamt (2004) site
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regimes were considered independently because
fires are actively suppressed in the MBU while
harvesting activities are limited in more northern
ecoregions. Thus while fire and harvesting can
co-occur, this analysis provides information on
the dominant disturbance regimes. Fire distur-
bance was also considered for the MBU despite
active efforts to suppress fires in this region as
this would have been the natural disturbance
mechanism prior to settlement of the region.
Uptake was calculated by dividing the amount of
N removed in biomass (via combustion or export
of tree boles) by the fire return interval, or harvest
rotation period, based on the formula presented in
Umweltbundesamt (2004):

N =N /period (3)

removed

Region and species-specific mean basal
area were used to characterize above ground
N following the method described above, with
1 SD used to bound each distribution (Table 3).
Region-specific fire return interval was based on
fire statistics for the MBU, Boreal Shield (AP
and CRU), and Taiga Shield (SLU and TLU),
from Parisien et al. (2004), and supported by
findings by Heinselman (1980) and Stocks et al.
(1996). The ecoregion default = 10% was used
to characterize the uncertainty in the long-term
fire return interval. Harvest rotation period was
estimated using mature species-specific stand
ages (= 1 SD; McLaughlan et al. 2010). Accord-
ingly, unique N distributions were calculated for
each canopy type in each ecoregion.

The acceptable N leaching rate was calcu-
lated on a site-specific basis using runoff (Q)
and acceptable leaching concentration ([N] )
for waters draining forests of different types
(Umweltbundesamt 2004):

Nle(acc) = Q[N]acc (4)

To account for uncertainty, a range of [N]
values for coniferous (0.0129-0.01573 mol_ m?
(default value + 10%)) and deciduous (0.0143—
0.0276 mol_ m?) stands were used (Umweltbun-
desamt 2004). A default uncertainty for Q was
estimated as + 10% owing to the coarse (gridded
climate normal) rather than site-specific nature

of the available data.
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The denitrification fraction (f, ) based on soil
drainage (Reinds et al. 2001) was approximated
using soil texture. Silt and silt loam sites were
characterized as having moderate drainage, loam
and sand loam as good drainage, and sand and
loamy sand as excessive drainage. Rather than
a fixed value for f (Umweltbundesamt 2004)
uniform distributions of 0-0.05, 0.05-0.10, and
0.1-0.2 were used to characterize sites classified
as having excessive, good, and moderate drain-
age, respectively.

Exceedance and climate influence

Exceedance of the steady-state CL N was
identified by subtracting the CL from modeled
N deposition. Future changes in steady-state
CL, N associated with an alternate climate were
identified by using Q from the climate scenarios
to determine alternate values of N, . The influ-
ence of future change in temperature on N, was
evaluated by assuming that a soil temperature-N,
relationship can be used to approximate future
site-level changes. The distributions estab-
lished for N, (above) were adjusted according
to the predicted changes in temperature for each
region. Changes in steady-state CL, N associ-
ated with climate induced effects on tree growth
were not considered as calculations of N do not
directly involve climate variables as calculated
herein, and because tree growth responses to cli-
mate involve many factors and alone are insuf-
ficient to characterize N (see Discussion).

Results and discussion
Soil nitrogen content

Most sites were sandy: sand content between
11% and 100%, with silt content 0% and 84%.
Few of the soils featured clay content greater than
several percent (Table 4). Median OM content
was 1.3%, and was typically below 5%; higher
values were observed in rare instances were soil
depth was limited and the shallow soils were
more closely influenced by overlying organic
horizons. The median mineral horizon molar C:N
ratio across all sites was 22.1 (Table 4).
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Calculated N, rates reflected the high degree
of variability in soil N content, both across
and within regions. Immobilization rates ranged
from 1.1 to 180 mol, ha™' yr!, with rates gener-
ally decreasing northward (Table 5). At sites in
the AP, SLU and TLU, N, was low and exhibited
little variability. It should be noted that N con-
tent was below detection limits for many sites
(Table 5), particularly in the north. Given shorter
fire return intervals in northern ecoregions,
immobilization rates used herein may underes-
timate true long-term rates, as there is potential
for some OM in the mineral horizons to be lost
during high intensity fire events. Accordingly
CL, N may be underestimated if the size of N
sinks due to fire is also underestimated. Laxton
(2009) suggested that N, estimates may be con-
servative as they do not consider losses from fire
disturbance or harvesting. Nitrogen immobiliza-
tion was highest in the MBU and CRU which
may be partly related to climate. Temperature
and N, were significantly positively related (p <
0.01) and temperature range across the ecore-
gions is approximately 5 °C. Higher CL, N will
result where higher N is observed due to higher
temperatures. Higher mean immobilization rates
in the MBU may also reflect higher rates of fire
suppression owing to the number of communi-
ties and amount of harvesting that takes place in
the region compared with more northerly regions
(Parisien et al. 2004).
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sonable. The higher variability in calculated N,
rates reported herein could reflect N fixation at
some sites, as N, was not measured directly, but
inferred from N content of soils and N fixing
species (e.g. Alnus sp.) are present in the study
region. Where fixation occurs, it could increase
the soil N pool and lead to overestimates of N,
however this does not appear to be common
among the study sites as N content was below
detection at most sites, and instances of high N,
were rare (Table 5). The long-term net immo-
bilization of N in the soil rooting zone is often
highly variable, and at present there is no real
consensus on sustainable long-term immobiliza-
tion rates. These data add to that body of knowl-
edge, and given the regional patterns and vari-
ability in N, also serve as a warning against use
of a single default value to characterize N, for all
sites across a region. This is particularly true in
cases where the relative magnitude of N, makes
it an important component of the total N sink,
or where differences in N, among sites might
be expected due to climatic influences. In such
cases, use of a simplistic (default N,) approach
should be done with caution as it may risk

Table 4. Minimum, median, and maximum rooting zone
depth and bulk density (p), and mineral horizon organic
matter (OM), clay, silt, and sand fractions, and molar
carbon to nitrogen ratio (C:N) (n = 199).

In general, the estimated rates presented Variable — Unit  Minimum  Median ~ Maximum
herein (1.1-180 mol ha™' yr') were more vari-
. ¢ Depth m 0.04 0.33 0.85
able than published rates for comparable boreal » gom 013 1.3 1.94
forest soils, despite strong N limitation. Rosen % 0.12 1.33 19.9
et al. (1992) found Swedish forest soil N of  Clay % 0 1.8 19.5
14-36 mol_ha™' yr', and noted that N, is often  Silt % 0 24.7 83.5
higher in warmer climates, suggesting that rates Sand 7o B 73.1 100
o . C:N 6.1 221 39.4
of 71 mol_ha™ yr' and higher may also be rea-
Table 5. Estimated nitrogen immobilization rate for each ecoregion.
SLU TLU AP CRU MBU
Minimum (mol_ ha™ yr) 4.7 4.2 4.8 1.1 21
Median (mol_ ha™ yr) 5.4 4.8 9.8 11 41
Mean (mol_ha™ yr™) 5.4 5.3 10 24 45
Maximum (mol_ha™' yr) 6.2 7.2 16 180 87
n 2 4 5 17 18
Sites with N below detection (%) 78 33 92 68 71
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over or underestimating the steady-state CL, N,
owing to regional differences in immobilization
rates.

Critical loads

Uncertainty associated with Nle(am) and f, were a
minor contribution to total uncertainty (Fig. 2).
These terms were calculated using data with rel-
atively narrow and well established distributions
(Umweltbundesamt 2004); sandy upland soils
typical of the study region have low potential for
denitrification. In contrast, greater uncertainty
was linked to N, and N . The uncertainty associ-
ated with N, mainly in the CRU and MBU, can
largely be attributed to the large range in soil N
contents in these regions, as described in the pre-
vious section; however, this parameter is difficult

AP and CRU: jack pine; MBU: trembling aspen).

to measure with accuracy, as low OM means
that N (and C) content is often below detection
limits. In the northernmost ecoregions, the larg-
est source of uncertainty in the CL was attributed
to N . The range of basal area values used to nor-
malize N was principally responsible. Nitrogen
uptake was also highly variable in the MBU.
Median steady-state CL, N ranged from 88
to 123 mol_ha™' yr' across the study ecoregions
under the fire regime. There was a northward
decrease in steady-state CL, N, with MBU and
CRU generally exhibiting the highest values and
taiga ecoregions being lower and exhibiting less
variability (Fig. 3). The northern boreal shield
(AP) was intermediate and demonstrated consid-
erable variability in CL, N, although the median
value for this ecoregion was comparable to those
of the SLU and TLU. This latitudinal trend of
northward decreasing steady-state CL., N can
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be explained by a number of underlying fac-
tors. Trembling aspen was the dominant tree
species for the MBU, and Nle(acc) is higher for
deciduous species, which contributes to higher
steady-state CL., N. Coniferous forests by com-
parison, which are dominant in the AP, SLU and
TLU generally have lower steady-state CL, N
on account of lower N . Immobilization also
tended to be higher at CRU and MBU sites. The
analysis also featured higher N for more south-
ern sites, consistent with expectations for forest
growth under more favourable climate and solar
radiation conditions. It should be noted here,
however, that as a necessary simplification of the
modeling approach, a single (dominant) tree spe-
cies and complete combustion of above-ground
biomass were used to characterize N, . In reality
some sites feature a multi-species canopy and N
may be underestimated in some instances. Like-
wise, combustion efficiency of high intensity
fires may not always be complete, potentially
leading to a small overestimate of N under a
fire regime, although where biomass combus-
tion is incomplete N may be lost in subsequent
fires. Consequently, while these assumptions will
to some degree offset one another, the analysis
could produce a small underestimate or overes-
timate of N .

The harvest disturbance regime resulted in
greater variability in MBU steady-state CL, N
(median: 90-195 mol_ha™' yr' at individual
sites) than the fire regime (Fig. 4). In theory, a
smaller export of N (as would occur with bole-
only harvesting compared with a stand-replacing
fire event) should result in an ecosystem that
is more sensitive to N deposition. Nonetheless
the disturbance regime is also important. In the
MBU, the time between disturbances was gener-
ally lower for the harvest rotation period than
the forest fire return interval. This led to higher
steady-state CL, N at the majority of sites under
a harvesting regime (Fig. 4). Both jack pine and
trembling aspen have higher steady-state CL, N
in the harvest than fire disturbance regime, as
the shorter harvesting disturbance interval had a
stronger influence than a reduction in the N flux
associated with bole-only biomass removal from
these sites. White spruce stands in contrast had
lower steady-state CL, N in the harvest regime
than fire, mainly due to considerably lower N
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removal in the harvest regime owing to their
comparatively low proportion of above-ground
N in the bole. This result highlights the potential
relationship between silvicultural practices (e.g.
tree species N, . and harvest rotation period)
and the CL, N in regions where forest harvest-
ing is important.

Exceedance

Modelled N deposition in SK generally decreases
northward across the boreal and taiga ecoregions
of the province (Fig. 1) with the highest deposi-
tion (~180 mol_ ha™) occurring in the southern
MBU where industrial and agricultural activi-
ties to the south contribute to higher deposition.
There is also a notable influence of industrial
activities (fossil fuel extractions) to the west,
with higher deposition in the west relative to
the same latitude in the east. While both N
deposition and steady-state CL, N follow a simi-
lar spatial pattern, N deposition is consistently
less than the median CL, with the exception of
some MBU sites. Exceedance of the median
steady-state CL,_N was identified for 7% of
MBU sites (~30% exceedance of 5th percentile
CL,_ N) under a fire disturbance regime (Fig. 4).
There were fewer instances of exceedance of the
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median steady-state CL, N (3%) under harvest-
ing conditions, despite some sites being more
sensitive to N deposition.

There appears to be a relatively low risk of
eutrophication effects in the study area at current
deposition levels. Nonetheless, for many sites in
both the fire and harvest regimes, modeled depo-
sition and the steady-state CL, N are in close
balance as indicated by the steep nature of the
cumulative distribution (Fig. 4). Future increases
in N deposition on the order of 50 mol_ha™ yr'
could result in CL exceedance for a notable pro-
portion of the sites due to the steep nature of the
cumulative distribution (Fig. 4). Nevertheless
this increase in deposition is small, the systems
are currently N limited, and any effects may be

transition from an exceeded (positive values) to a
non-exceeded condition.

very slow to manifest. Likewise as N deposi-
tion is modelled, an underestimate of the level
of N deposition on the order of several tens of
mol_ha™' yr' could lead to understatement of the
risk of eutrophication. Deposition levels remain
an important consideration as different atmos-
pheric deposition models and different emissions
inventories used in the (same) models can lead
to notable differences in atmospheric deposition
estimates for the study region. As atmospheric
deposition monitoring for the region is sparse,
current N deposition estimates remain uncertain.

The empirical CL N, determined from
observations of detrimental responses of an eco-
system or ecosystem component to observed
N deposition flux, can be used as an alter-
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native to steady-state CL, _N. For boreal for-
ests, the suggested empirical CL, N is 360-710
mol, ha! yr' (Bobbink et al. 2010, Pardo et
al. 2011); higher than the estimates identified
herein using the SMB. Further, recent deposi-
tion estimates to the study sites are considerably
lower than the empirical CL,_ N (N deposition:
18-180 mol_ ha™' yr'), suggesting no risk of
eutrophication at present according to this alter-
nate approach.

Overall, this analysis suggests limited risk
of ecosystem damage through eutrophication
according to recent estimates of atmospheric N
deposition. A key difference between the current
study and many other CL studies in Canada was
the inclusion of nutrient uptake. In the absence
of removal of N via harvesting exports or com-
bustion of above-ground biomass in forest fires,
as may be the case for lands that are protected
as parks, CL, N will be lower and consequently
the risk of exceedance could be higher than sug-
gested by this analysis.

Climate change

The acceptable leaching of N is based on the
threshold concentration of N in the leachate
and Q (Eq. 4). Therefore, where Q changes in
response to climate, a linear response in CL, N
is expected. Simulations of future climate sce-
narios according to CanESM?2 indicate increas-
ing Q for most sites, with increases averag-
ing 16% and 17.7%, respectively, according to
RCP 2.6 and RCP 8.5. This increase is not uni-
form and varies across and within regions; under
RCP 8.5, increases in Q were generally greater
in the SLU and TLU ecoregions, while for
RCP 2.6 greater increases were noted for sites
in the MBU. At higher Q, increases in steady-
state CL, N of several percent were predicted on
average for RCP 2.6 and RCP 8.5.

Nitrogen dynamics may also exhibit a
response to climate, for instance through
changes in temperature. In the current study, N,
was strongly related to temperature. Predicted
increases in temperature averaged 2.5 °C for
RCP 2.6 and 7.3 °C for RCP 8.5, with larger
increases at more northerly sites. Considering the
potential increase in N, associated with warming

Uncertainty-based terrestrial critical loads of nutrient nitrogen 241
250
200
T
> 150 = =
®
~
— '
g = -
Z_100
F mn . -
) °
o °
50
0
SLU TLU AP CRU MBU
Ecoregion

Climate B8 Current EARCP 2.6 E3RCP 8.5
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RCP 8.5.

during the 21st century suggests that CL, N will
increase during this period. In fact, most of the
change in steady-state CL, N predicted under
future climate conditions is attributed to N,
as the median steady-state CL., N increased by
20% and 48% for RCP 2.6 and RCP 8.5, respec-
tively, when the influence of Q and temperature
was considered together (Fig. 5). It is important
to note that the relationship between N, and tem-
perature used in this analysis may include under-
lying influences of other factors (e.g. soil type,
fire return interval), and consequently increases
in N, associated with anticipated increases in
temperature could be overestimated.

In this study, CL, N were strongly influenced
by N ; however, changes in N in response to
future climate have not been explicitly quantified
herein. Forest growth may respond to climate
driven changes in precipitation, soil moisture,
temperature, and possibly carbon dioxide. Where
these factors act synergistically under future cli-
mate to promote growth, N —and consequently
CL N, can increase. Disturbance interval may
also be important and can respond in concert
with changes in forest growth (e.g. harvest rota-
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tion period contraction in response to increased
growth rate). Perhaps more important than the
potential for changes in growth of vegetation
in the region is the potential shift in species
distribution that may occur as a consequence
of climate change. The western boreal forest is
predicted to contract at its southern extent as
grasslands move northward in response to cli-
mate, although disturbance regime is expected
to play an important role in determining ecore-
gion boundaries (Schneider et al. 2009). Where
a change in dominant tree species occurs due
to shifts in range, changes in CL, N may be as
much the result of changes in vegetation type as
changes in growth rate of the species that domi-
nate the ecoregions at present.

Conclusions

Given increases in N emission to the atmosphere
in western Canada, the potential for eutrophica-
tion of N-limited terrestrial systems in the region
should be considered. Nitrogen sinks are often
poorly described in CL analyses, however the
uncertainty-based approach used herein is com-
prehensive and characterizes in detail the poten-
tial range in steady-state CL, N for the region.
Critical loads of nutrient nitrogen followed a
well-defined latitudinal gradient, with the high-
est loads identified for the CRU and MBU, and
lower loads for more northern ecoregions. Nitro-
gen uptake and N, contributed greater uncertainty
than either N, - or f,. According to current
modeled N deposition levels there is low risk of
eutrophication according to steady-state CL, N
under natural conditions represented by occur-
rence of (high-intensity) forest fire. Likewise, if
forest regeneration occurs due to anthropogenic
disturbance in the form of bole-only harvesting,
limited eutrophication is expected in the study
region. While not evaluated in the current study,
if forest fires are effectively suppressed and har-
vesting does not occur, as may be the case for
provincial or national parks in the region, CL, N
would be lower than indicated herein. Given
the similarity between modelled N deposition
and CL, N for many sites in the southern boreal
forest, revised steady-state CL,_N for regions
where this no-disturbance management approach
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is employed are warranted. Furthermore, atmos-
pheric deposition levels are poorly understood
in the study region; few measurements are avail-
able and modelled deposition estimates vary by
model. Consequently, because only the most
recent estimate of N deposition was used, the
uncertainty around exceedance calculations
illustrated herein is understated. Efforts to quan-
tify and reduce uncertainty around modelled N
deposition are necessary for improved confi-
dence in exceedance calculations. Nonetheless,
steady-state CL, N may increase in future due
to a predicted increase in rooting zone tempera-
ture and water flux. Because N was an impor-
tant influence on the CL N, but also relatively
uncertain, quantifying additional influences of
climate (e.g. on species distribution, N , fire
return interval) would help clarify future risk of
eutrophication. Likewise, additional considera-
tion of how N deposition might change in future
across the MBU is necessary given the close bal-
ance between CL, N and modelled N deposition
in this ecoregion.
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