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ABSTRACT

The Athabasca Oil Sands in Alberta, Canada, is one

of the largest point sources of nitrogen oxides in

Canada. There are concerns that elevated nitrogen

(N) deposition will adversely impact forest ecosys-

tems located downwind of emission sources. The

role of the forest floor in regulating these potential

eutrophication effects was investigated following a

5-year enrichment study in which N was applied as

NH4NO3 above the canopy of a jack pine (Pinus

banksiana Lamb) stand in northern Alberta close to

Fort McMurray at rates ranging from 5 to

25 kg N ha-1 y-1 in addition to background

deposition of approximately 2 kg N ha-1 y-1.

Chemical analysis of lichen mats revealed that the

N concentration in the apical (upper) lichen tissue

and necrotic tissue increased with treatment. When

expressed as a N pool, the fibric–humic material

held the largest quantity of N across all treatments

due to its relatively large mass (172–214 kg N ha-1),

but there was no significant treatment effect. Soil

net N mineralization and net nitrification rates did

not differ among N treatments after five years of

application. A 15N tracer applied to the forest floor

showed that N is initially absorbed by the apical

lichen (16.6% recovery), FH material (29.4%

recovery), and the foliage of the vascular plant

Vaccinium myrtilloides (31.7% recovery) in particu-

lar. After 2 years, the FH 15N pool size was elevated

and all other measured pools were depleted, indi-

cating a slow transfer of N to the FH material. Ap-

plied 15N was not detectable in mineral soil. The

microbial functional gene ammonia monooxyge-

nase (amoA) responsible for catalyzing the first step

in nitrification was undetectable using PCR

screening of mineral soil microbial communities in

all treatments, and broad fungal/bacterial qPCR

assays revealed a weak treatment effect on fungal:

bacterial ratios in mineral soil with decreasing rel-

ative fungal abundance under higher N deposition.

This work suggests that terricolous lichen mats,

which form the majority of ground cover in upland

jack pine systems, have a large capacity to effec-

tively retain elevated N deposition in soil humus.
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INTRODUCTION

Anthropogenic activity in the last 100 years has

had dramatic effects on the planet’s nitrogen (N)

cycle (Galloway and others 2004). Terrestrial

ecosystems that developed in N-limiting environ-

ments have adapted to N scarcity. In these systems,

the sudden addition of surplus N has been shown to

cause changes in vegetation community composi-

tion, loss of sensitive species, lower soil C:N ratios

leading to increases in soil N mineralization and

nitrification rates, and increases in soil nitrate

(NO3
-) leaching (Aber and others 1989). In the

1980s, elevated atmospheric N deposition was

identified as a potential stressor on the health of

forests in Europe (Nihlgard 1985) and eastern

North America (Aber and others 1989). The theory

of N saturation seeks to explain the expected re-

sponses of an ecosystem as excess N is added.

Nitrogen saturation is defined as: ‘‘The state

reached when bioavailable forms of N are present

in excess of current biological demand’’ (Aber and

others 1989). This formalized theory of N satura-

tion was derived primarily from experiments in the

northeastern forests of the USA and is conceptu-

alized as a linear progression through four distinct

phases as a system experiences chronic atmospheric

N loading. Under Aber’s model, N saturation can be

readily determined by biogeochemical changes in

soil processes that include increased N availability

and leaching of NO3
- below the rooting zone (Aber

and others 1989). Increased NO3
- leaching may

lead to soil acidification, and N accumulation in

soils may ultimately result in changes in plant

species (Aber and others 1989; Driscoll and others

2003).

Working under Aber’s model, many studies have

been performed on ecosystems in North America

and Europe to try to explain the process of N sat-

uration (Tietema and others 1998a; Fenn and

others 2003). Gradient studies that take advantage

of existing spatial differences in atmospheric N

deposition have been widely used to measure re-

sponses in soil processes and changes in plant

community composition (Mitchell and others

2005; Akselsson and others 2010). Nitrogen

enrichment experiments using forest floor and ca-

nopy applications of various N forms have been

performed to establish dose–response relationships

(Wright and van Breemen 1995). In addition, 15N

natural abundance studies have been performed,

which use the natural microbial fractionation of N

isotopes to detect responses to N saturation (Em-

mett and others 1998; Pardo and others 2006), and
15N isotope tracer studies have been performed to

determine the fate and fluxes of elevated N inputs

(Robinson 2001; Templer and others 2012). Studies

have also been conducted investigating the role of

soil microbial communities in N cycling directly, for

example, through microbial biomass assays target-

ing broad groups (for example, fungi and bacteria),

and the characterization of functional genes of

specific microbial guilds instrumental in N cycling

(Demoling and others 2008; Levy-Booth and others

2014). Measurements of fungal and bacterial bio-

mass under chronic N addition in the northeastern

USA have shown that microbial biomass can de-

crease by as much as 50% under deposition rates of

about 30 kg ha-1 y-1 for 10 years (Wallenstein

and others 2006).

In 2011, Lovett and Goodale proposed a revised

conceptual model of N saturation. The main dis-

tinction between the two models is that Lovett and

Goodale (2011) made a distinction between

capacity N saturation and kinetic N saturation.

Capacity N saturation occurs when a pool has

accumulated as much N as possible, and additional

N is no longer retained. Kinetic N saturation occurs

when the rate of N input is greater than the max-

imum accumulation rate of a pool. When a pool is

undergoing kinetic N saturation, it is possible to

have both N accumulation and N loss from a pool

simultaneously. The Lovett–Goodale model there-

fore explains some of the incongruities seen in N

saturation studies (for example, increases in NO3
-

leaching without increases in foliar N concentra-

tion), by allowing N to accumulate in pools, and

exit pools simultaneously, according to the diverse

circumstances of the systems in question.

The Athabasca Oil Sands Region (AOSR) in

northern Alberta, Canada, is located in the boreal

plains ecozone and is experiencing rapid industrial

growth. The operation of large fleets of diesel-

powered heavy equipment and upgrader facilities

both produce large quantities of NOx emissions in

the region (Bytnerowicz and others 2010). In the

AOSR, NOx emissions increased from 148 t d-1 to

310 t d-1 between 2003 and 2011 (Fenn and others

2015). Total N deposition near the highly indus-

trialized areas of the AOSR has been measured at

rates in excess of 25 kg ha-1 y-1 (Fenn and others

2015). There are concerns that NOx emissions and

subsequent NH4–N and NO3–N deposition will

continue to rise as oil sands development expands,

potentially having adverse effects to adjacent

ecosystems associated with N saturation. Jack pine

(Pinus banksiana Lamb.) forests typically grow in

coarse-textured, upland soils. The combination of

low background deposition, nutrient-poor soils,

and sensitive biological communities makes these
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forests particularly sensitive to the effects of in-

creased N deposition (Högberg and others 2003;

Allison and others 2008).

A distinctive feature of the ground-cover com-

munity in these systems is the dominance of ter-

ricolous lichen species, mainly ‘‘reindeer lichens’’

Cladonia mitis and Cladonia stellaris. Lichens do not

possess rooting structures and are therefore inca-

pable of accessing soil nutrient pools; instead, their

nutrient requirements are met largely through

atmospheric deposition (Ellis and others 2003).

Mat-forming lichens have a particularly advanta-

geous ability to translocate nutrients from necrotic

tissue to their apical tissue, therefore increasing

nutrient use efficiency and growth rates in nutri-

ent-scarce environments (Crittenden 1991;

Hyvärinen and Crittenden 1998). Due to their

specialized adaptions to low N environments, li-

chens also find themselves susceptible to the effects

of surplus N deposition and eutrophication. For

terricolous lichens such as Cladonia mitis and

Cladonia stellaris, the threat is twofold: direct toxi-

city of excess N and competition from vascular

plants that are more tolerant of high N environ-

ments (Cornelissen and others 2001; Munzi and

others 2017).

Given the expected sensitivity of upland soils and

terricolous lichen communities, we initiated an

experimental N application study in 2011 to assess

the impacts of elevated N deposition and subsequent

N saturation processes on upland Jack pine forests.

Six experimental plots were established, and N was

applied aerially over the canopy via helicopter as

ammonium nitrate (NH4NO3) at treatment levels

consistent with current and future predicted N

deposition levels in the region. In this study, we

stratified lichen mats by depth and compared the N

concentration andpool size between experimentalN

treatments after 5 years of N application. We also

conducted an 15N tracer study on ground plots to

identify Nmobility pathways within the forest floor,

compared fungal and bacterial abundance among

treatments, and screened for the microbial func-

tional gene ammonia monooxygenase (amoA)

which is involved in the first step of nitrification.

MATERIALS AND METHODS

This study was conducted at a 65-year-old upland

jack pine forest located 46 km north of the city of

Fort McMurray in northern Alberta, Canada

(57�7¢16.66¢¢N, 111�25¢41.39¢¢W) (Fig. 1). The

Fig. 1. Regional map of AOSR and location of study site.
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average annual precipitation from 2011 to 2015

was 456 mm y-1 (Environment Canada, 2015).

The average minimum temperature during the

growing season from 2011 to 2015 (May–Septem-

ber) was 7.4 �C, and the average maximum tem-

perature was 21.2 �C (Environment Canada 2011).

The forest floor community is dominated by mat-

forming lichen species (Cladonia mitis, Cladonia.

stellaris) and dwarf shrubs (Vaccinium vitis-idaea,

Vaccinium myrtilloides, Arctostaphylos uva-ursi). The

soils are coarse sandy Brunisols (Soil Classification

Working Group 1998). Background atmospheric

inorganic N deposition in the area is approximately

2 kg ha-1 y-1 (Watmough and others 2014). Soils

at the study site were nearly pure sand, with very

low clay and soil organic matter (SOM) content;

the SOM concentration of the Ae and B horizons

was between 0.74–5.74% in the Ae horizon, and

0.05–2.6% in the B horizon. The cation exchange

capacity (CEC) is low and was much higher in the

LFH than in the Ae horizon of the mineral soil,

ranging from 38.27 to 78.12 meq 100 g-1, whereas

the CEC in the Ae horizon ranged from 8.81 to

18.69 meq 100 g-1. Base saturation (BS) was

higher also in the LFH than in the Ae horizon, al-

though the difference was not as large as the dif-

ference in CEC, ranging from 11.45 to 23.44% in

the LFH, and from 8.55 to 16.75% in the Ae

horizon (Table 1).

Nitrogen Enrichment Procedures

Nitrogen applications were performed over the

forest canopy four times during the growing period

(May, June, July, and September) between the

years 2011–2015. Aerial applications were chosen

to properly integrate the effects of canopy interac-

tions on N cycling. Monitoring studies in the region

have shown that atmospheric deposition of NO3–N

and NH4–N is similar, and N deposition can be as

high as 25 kg N ha-1 y-1 (Fenn and others 2014;

Watmough and others 2014) Nitrogen was there-

fore applied as aqueous NH4NO3 at deposition rates

consistent with current and projected future

atmospheric deposition in the region (0, 5, 10, 15,

20, and 25 kg N ha-1 y-1) in addition to ambient N

deposition of 2 kg N ha-1 y-1. These deposition

loads also encompass the range of current Euro-

pean critical loads for boreal ecosystems (Bobbink

and others 2010). Six plots were established in the

site with the dimensions 80 m 9 20 m. Each plot

received 100L of solution per application, which is

equivalent to an increase in precipitation of

0.06 mm (or < 1% of annual precipitation). In

June 2014, 60, 25 9 25 cm plots were randomly

T
a
b
le

1
.

B
a
ck
g
ro
u
n
d
S
o
il
C
h
a
ra
ct
e
ri
st
ic
s
a
t
T
re
a
tm

e
n
t
S
it
e
s
in

2
0
1
5

T
re
a
tm

e
n
t
(k
g
N

h
a
-
1
y
-
1
)

P
=

0
(2
)

5
(7
)

1
0
(1
2
)

1
5
(1
7
)

2
0
(2
2
)

2
5
(2
7
)

B
a
se

sa
tu
ra
ti
o
n
(%

)
L
F
H

1
1
.4
5
±

2
.1
1

1
7
.9
9
±

1
.4
9

2
2
.3
3
±

3
.2
7

2
0
.6
6
±

5
.8
6

2
3
.4
4
±

4
.4
6

1
5
.0
9
±

1
.5
9

N
.S

A
e

8
.5
5
±

1
.5
0

1
6
.7
5
±

5
.2
6

1
1
.1
4
±

2
.1
5

1
2
.5
5
±

2
.6
0

1
5
.1
7
±

4
.6
5

9
.2
8
±

2
.6
7

N
.S

p
H

L
F
H

4
.7
5
±

0
.0
7

4
.7
2
±

0
.0
8

4
.9
4
±

0
.0
8

5
.0
2
±

0
.1
1

4
.8
7
±

0
.0
8

4
.9
5
±

0
.1
2

N
.S

A
e

4
.8
7
±

0
.1
0

4
.7
6
±

0
.1
4

5
.0
5
±

0
.1
0

4
.9
3
±

0
.0
8

4
.8
5
±

0
.0
9

4
.9
6
±

0
.1
2

N
.S

B
5
.4
2
±

0
.0
7

5
.4
3
±

0
.1
4

5
.4
8
±

0
.1
4

5
.4
1
±

0
.1
0

5
.2
8
±

0
.0
3

5
.2
3
±

0
.0
8

N
.S

C
/N

ra
ti
o
s

L
F
H

4
1
.7
7
±

2
.3
1

4
3
.6
4
±

3
.6
1

3
4
.4
5
±

0
.7
3

3
7
.2
7
±

1
.0
0

3
9
.9
0
±

3
.5
3

3
2
.7
3
±

1
.2
6

N
.S

A
e
1

4
1
.4
8
±

4
.9
9

4
2
.3
6
±

4
.0
7

4
4
.7
8
±

3
.1
9

3
5
.2
5
±

5
.7
6

2
9
.1
6
±

1
.6
2

3
8
.0
1
±

3
.1
9

N
.S

B
2

2
4
.7
6
±

4
.8
3

2
2
.2
8
±

3
.3
8

3
0
.4
6
±

4
.4
4

1
4
.1
7
±

1
.3
9

1
4
.2
9
±

0
.8
8

2
9
.8
5
±

3
.9
0

<
0
.0
5

V
a
lu
es

in
b
ra
ck
et
s
re
p
re
se
n
t
to
ta
l
d
ep
os
it
io
n
to

th
e
a
re
a
(b
a
ck
gr
ou
n
d
+
ex
p
er
im

en
ta
l
a
d
d
it
io
n
).
±

re
p
re
se
n
ts
st
a
n
d
a
rd

er
ro
r.

1
C
/N

ra
ti
os

fo
r
A
e
h
or
iz
on

w
er
e
d
er
iv
ed

fr
om

[N
]
va
lu
es

b
el
ow

in
st
ru
m
en
t
q
u
a
n
ti
fi
ca
ti
on

li
m
it
.

2
C
/N

ra
ti
os

fo
r
B
h
or
iz
on

w
er
e
d
er
iv
ed

fr
om

[N
]
va
lu
es

a
n
d
[C
]
va
lu
es

b
el
ow

in
st
ru
m
en
t
q
u
a
n
ti
fi
ca
ti
on

li
m
it
.

Nitrogen Retention of Terricolous Lichens 1311



established on the forest floor for a separate 15N

experiment (sites had received no N treatment).

Half of the plots (n = 30) were treated a single time

with 15N isotope in the form of aqueous double-

labeled ammonium nitrate (15NH4
15NO3) equivalent

to a deposition load of 25 kg N ha-1 y-1 (98 atom

% 15N). Tracer applications were performed using a

handheld spray bottle at a height of about 25 cm

above the forest floor.

Field Sample Collection

Dwarf shrub biomass was collected from the treated

plots during June 2015 (during the 5th year of N

application), including Arctostaphylos uva-ursi, Vac-

cinium myrtilloides, and Vaccinium vitis-idaea. Dwarf

shrub foliage was removed from the stem and

collected. All dwarf shrub biomass was transported

in paper bags and returned to the laboratory for

further processing. One sample of each biomass

type was collected per treatment subplot (3 per

plot, 18 total).

During the final year (2015) of N applications,

net N mineralization and nitrification rates were

measured in soil underneath terricolous lichen

mats using the buried bag method (Hart and others

1994). Two soil cores measuring 10 cm deep were

extracted adjacent to one another and placed into

sealed polyethylene bags. One bag was returned to

the laboratory for chemical analysis to determine

the initial concentrations of NH4 and NO3
-. The

second bag was left in situ and analyzed after

approximately 1 month. This process was repeated

4 times during the growing season (May–June,

June–July, July–September, and September–Octo-

ber). Sample bags were kept refrigerated at or be-

low 5 �C prior to processing and analysis. In the

final year of N application (2015) as well as one

year after applications ceased (2016), complete li-

chen mats (all lichen and organic material above

the mineral soil) were collected using plastic con-

tainers of known area and volume from each

treatment plot. Six replicates were sampled from

each treatment plot (n = 36) at four times

throughout the study period: May 2015, July 2015,

September 2015, and in August 2016 one year after

N application ceased (n = 144).

In the final year of N application (2015), mineral

soil was collected from each treatment subplot for

soil microbial analysis. Lichen mats were removed

from the forest floor, and debris was cleared using a

trowel. Between 5 and 10 g of mineral soil was

collected from the first 2 cm of the soil. Five ran-

dom samples were taken from each treatment

destructive subplot (n = 15 per treatment plot,

n = 90 total). Soil collection occurred in May, July,

and September of 2015. Soil samples were kept

frozen at -20 �C until analysis.

Ten 15N-treated plots and 10 untreated plots

were destructively sampled 24 hours following

application to determine the initial distribution of

the applied N throughout biomass, and soil pools. C.

mitis lichen mats were collected using the same

method described above. The foliage of the dwarf

shrubs Arctostaphylos uva-ursi, Vaccinium vitis-idaea,

and Vaccinium myrtilloides was sampled. Mineral soil

from the Ae and B horizons was also collected from

the area directly below the site of complete lichen

mat removal. This destructive sampling was re-

peated in summer 2015 and summer 2016 on the

remaining ground plots.

Laboratory Analysis

Biomass Samples

Biomass samples were oven-dried at 60 �C for 72

hours. Complete lichen mat samples from both the

aerial applications and the 15N tracer sites were

carefully separated into apical lichen (top 2 cm),

necrotic lichen (lower section of lichen thallus),

and fibric–humic (FH) material. All lichen mat

mass was retained and recorded. Dried and sorted

samples were pulverized in a fine powder using an

analytical mill. Biomass samples from the aerial

application experiment were analyzed for C, N, and

sulfur (S), using an Elementar Vario Macro dry

combustion analyzer. National Institute of Stan-

dards and Technology (NIST) 1515 apple leaf

standards were prepared and combusted at a rate of

1 for every 20 samples to ensure adequate analyte

recovery. 15N-treated replicates and 3 untreated

replicates were randomly selected from each col-

lection year and each N pool for analysis. 15N-

treated biomass and soil samples from all plots were

analyzed using a continuous-flow isotope ratio

mass spectrometer. Typical precision of replicate

analyses was usually within 0.3&

Soil Samples

Refrigerated mineralization/nitrification soil sam-

ples were removed from the bags and passed

through a 2-mm sieve to remove any non-soil

debris. Two approximately 4 g subsamples were

taken: one for NH4
+ analysis and one for NO3

-.

NH4
+ extraction was performed using 2 M KCl, and

NO3
- extraction was performed using deionized

water (Dick and Tabatabai 1979). Extracted NH4
+

and NO3
- samples were analyzed using an auto-

analyzer and ion chromatography, respectively.
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Frozen soil samples were subsampled (1 g from

each) and homogenized into a 5-g composite sub-

plot sample (n = 18 per time interval) for microbial

analyses. DNA was isolated in 0.5 g replicates of

frozen soil using the Power Soil� Isolation Kit

following the manufacturer’s protocol (MoBio

Laboratories Inc., Carlsbad, CA, USA Catalog

#12888-100 Lot # PS 14H5). DNA concentration

and purity were measured with a Synergy H1 mi-

croplate reader (BioTek Instruments Inc., Wi-

nooski, VT, USA Mfr. No. BioTekTM BTH1MD

Catalog Number 11-120-534). Extracted DNA was

homogenized and stored frozen until analysis.

A preliminary analysis for the amoA functional

gene was performed using four DNA samples per

season (12 total) from the two lowest and two

highest treatment plots (0, 5, 20, 25 kg N ha-1 y-1)

and homogenized by subsampling 10 ll of each into

a common tube. DNA extracted from forest soils

along a roadside transect in southern Ontario was

used in lieu of a positive control. DNA samples were

diluted to 1/10 and 1/100 of original concentration.

A series of PCRs were run using combinations of

amoA forward and reverse primers (Rotthauwe and

others 1997; Stephen and others 1999; Baptista and

others 2014). Reactions were performed in 10 ll
solutions containing 3.5 ll dH2O, 5 ll Phire master

mix, 0.5 ll of each primer, and 0.5ll DNA sample.

The cycling protocol was 2 min at 98 �C followed by

40 cycles of 20 s at 98 �C, 20 s at 56–62 �C, 40 s at

72 �C and 4 min at 72 �C.
DNA samples were analyzed using qPCR with a

Stratagene Mx300SP (Agilent Technologies Santa

Clara, California) for absolute abundance of bac-

teria and fungi. For the bacteria, the primers

bac331F (5¢ TCC TAC GGG AGG CAG CAG T) and

bac797R (5¢ GGA CTA CCA GGG TCT AAT CCT

GTT) were used (Nadkarni and others 2002). qPCRs

were optimized using a preliminary PCR of a

homogenized environmental sample with a ther-

mal gradient and visual examination on a 1.5%

agarose gel. A pure culture of E. coli (ATCC 11303)

was used to create standards of known concentra-

tions in a serial dilution. Four standards were pre-

pared in triplicate at 1:10, 1:100, 1:1000, and

1:10000 dilution. qPCRs were performed in tripli-

cate in 10 ll solutions containing 3 ll dH2O, 5 ll
SYBR� Green supermix with ROX (BioRad #172-

5121), 0.5 ll of each primer, and 1 ll of DNA

sample. The cycling protocol was 5 min at 95 �C
followed by 40 cycles of 15 s at 95 �C, 30 s at 64 �C,
30 s at 72 �C. A dissociation curve was then gen-

erated in 1 �C increments from 64 to 95 �C. PCR
products were confirmed via dissociation curves

and verification on a 1.5% agarose gel. Similarly,

for fungal abundance, DNA samples were analyzed

using the primers ITS1F (5¢ TCC GTA GGT GAA

CCT GCG G) and 5.85R (5¢ CGC TGC GTT CTT CAT

CG) (Glass and Donaldson 1995; Fierer and Jackson

2005). A pure culture of S. cerevisiae (ATCC 2360)

was used to create standards of known concentra-

tion in a serial dilution ranging from full concen-

tration to 1:1000. Reactions were performed in

triplicate, and reagent mixes and reaction condi-

tions were identical to those in the bacterial run

with the exception of primers and annealing/initial

denaturation temperature which was raised to

61 �C.

Data Analysis

Statistical significance among treatments for

parameters that were assessed multiple times

throughout the season (mineralization rate, net

nitrification rate, soil ammonium concentration,

soil nitrate concentrations, apical/necrotic/FH li-

chen N concentration, apical/necrotic/FH lichen N

pool, bacterial/fungal ratio) was tested using two-

way repeated-measures ANOVA to account for the

influence of broad seasonal drivers. Sorted lichen

samples were also tested for statistical significance

of all measured chemical parameters (N concen-

tration, N pool size) within sampling periods (May

2015, July 2015, September 2015, and August

2016). Distributions were assessed via the Shapiro–

Wilks normality test. Parametric distributions were

analyzed using a one-way ANOVA and Tukey’s

HSD post hoc test. Nonparametric distributions

were analyzed using a Kruskal–Wallis rank-sum

test and Mann–Whitney post hoc test. 15N tracer

background and treatment samples were compared

using t tests. Differences between 15N enrichment

years were assessed using one-way ANOVA and

Tukey’s HSD post hoc test. All analysis was per-

formed in the R software environment using the

base ‘‘stats’’ package (R Core Team 2017). All fig-

ures were produced in the R environment using

the ‘‘ggplot2’’ package (Wickham 2016). Color

palettes used in graphics were applied using the

‘‘rColorBrewer’’ package (Neuwirth 2014). Inter-

mediate data manipulation was partially performed

using the ‘‘broom’’ package (Robinson 2017).

RESULTS

Net Nitrogen Mineralization
and Nitrification

Soil net mineralization and net nitrification rates

measured during the 2015 growing season (5th

year of N additions) were highly variable over time
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and did not show a clear treatment effect (Table 2).

Repeated-measures ANOVA showed that there was

a seasonal effect on mineralization rate (p < 0.05)

and a significant interaction between season and

treatment (p < 0.05). The net mineralization rate

measured from May to June was positive but ex-

tremely low and tended to increase with N treat-

ment (0, 5, 15, 25 kg N ha-1 y-1) from June to

July. From July to September, net mineralization

rates remained positive at the 0 and 5 kg ha-1 y-1

treatment rates, but were negative at 10 kg N ha-

1 y-1 and above. From September to October, the

net mineralization rate was negative in all treat-

ments, with the lowest rate occurring at

15 kg N ha-1 y-1. Repeated-measures ANOVA

also showed that there was a seasonal effect on net

nitrification rate (p < 0.05), but treatment did not

have a statistically significant effect on nitrification

rate. Growing season net mineralization rates were

greater in magnitude than net nitrification rates,

reaching maximum/minimum rates of ± 30 kg

NH4
+ N ha-1 y-1, compared with net nitrification

rates of - 10 kg NO3
- N ha-1 y-1. Net nitrification

rates were negative from May to June at all treat-

ment rates (Table 2). From June to July, net nitri-

fication rates were positive at all treatment rates

with the highest net nitrification rate occurring at

20 kg N ha-1 y-1. Later in the year net nitrification

rates were positive at all treatment rates but were

all only marginally greater than zero.

Nitrogen Concentration and Pools
in Terricolous Lichens after 5 Years of N
Additions

Lichen N concentrations increased with N treatment

in apical and necrotic lichen tissue, but the response

was less strong in the FH material, which had the

highest N concentration (Figure 2). Nitrogen con-

centrations in apical, necrotic and FH material also

varied by season (p < 0.05 for all). Apical lichen N

concentration ranged from a minimum of 0.52% in

July 2015 in the control plot to amaximumof 1.09%

in September 2015 in the highest N treatment.

Similarly, necrotic lichen N concentration ranged

from aminimum of 0.39% in September 2015 in the

control plot to a maximum of 0.79% in September

2015 at the highest treatment. In contrast, the

treatment effect evident in the FHmaterialwasmore

variable; the N concentration ranged from a mini-

mum of 0.67% in August 2015 at the 5 kg N ha-

1 y-1 treatment to a maximum of 1.10% in July

2015 at treatment rate 25 kg N ha-1 y-1, but dif-

ferences among treatment were only evident in July

2015 and August 2015 (Figure 2). Nitrogen con-T
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centrations were slightly lower across high treat-

ments (10 kg ha-1 y-1 and above) in all 3 lichen

types in August 2016 compared with July and

September 2015.

The N pool size associated with the ground lichen

layer generally increased with treatment in the

apical tissue and necrotic tissue (p<0.05 for both),

but there was no treatment effect in FH material

(Figure 3). The N pool size in FH lichen was sub-

stantially larger than that of the apical and necrotic

lichen due to the high mass of FH material. Even in

the control plots, the FH pool was as much as 30

times greater than the apical tissue N pool and 10

times greater than the necrotic N pool depending

on season. The apical lichen N pool size ranged

from a minimum of 6.6 kg N ha-1 in May at

treatment rate of 5 kg N ha-1 y-1 to a maximum of

13.7 kg N ha-1 in July at treatment rate

25 kg N ha-1 y-1. The necrotic lichen N pool size

ranged from a minimum of 9.4 kg N ha-1 in

September in control plots to a maximum of

19.0 kg N ha-1 in September at the high N treat-

ment. The N pool associated with the FH material

was much larger and ranged from a minimum of

172 kg N ha-1 in August in the control plots to a

maximum of 214 kg N ha-1 in September at

treatment rate 15 kg N ha-1 y-1. Apical lichen N

pools were lower in 2016 at high treatment rates

than in July and September of 2015.

Nitrogen Concentrations in Vascular
Plants after 5 Years of N Additions

There were no statistically significant differences in

foliar N concentration among treatments in the

three dwarf shrub species: V. vitis-idaea, V. myr-

tilloides, and A. uva-ursi (Figure 4). However, all

three dwarf shrubs had greater background foliar N

concentrations than the lichens and bryophyte.

Fig. 2. N concentration of Cladonia mitismats during the last year of N application (May 2015, July 2015, September 2015)

and one year after applications ended (August 2016). Error bars represent standard error. Differing letters above columns

represent statistical significance between groups.
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Fig. 3. Total N pools of Cladonia mitis mats during the last year of N application (May 2015, July 2015, September 2015)

and one year after applications ended (August 2016). Error bars represent standard error. Differing letters above columns

represent statistical significance between groups.

Fig. 4. N concentration (N%) of the three dominant dwarf shrubs in the area (Arctostaphalos uva-ursi, Vaccinium

myrtilloides, and Vaccinium vitis-idaea) measured in 2015. Value shown for Vaccinium vitis-idaea at treatment 10 is an average

of n = 2 due to accidental sample destruction.
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Average foliar concentrations measured at

0 kg ha-1 y-1 in Vaccinium vitis-idaea, Vaccinium

myrtilloides, and Arctostaphylos uva-ursi were about

1.0, 1.5, and 1.6%, respectively. This compares to

average thalli concentrations measured at 0 kg ha-

1 y-1 in Cladonia mitis of about 0.40%.

15N Enrichment and Total Recovery

Total recovery of 15N tracer immediately following

application was 110% of total applied with a fol-

lowed by a decline and stabilization in the follow-

ing two years (Figure 5). Initial 15N recovery from

apical lichen tissue immediately following applica-

tion (2014) was 16.6% of total 15N, which declined

to 12.6% in 2015 and 8.3% in 2016. Recovery of
15N in necrotic tissue in 2015 was 8.8% of total

applied, which declined to 8.1% in 2016. Unfor-

tunately, necrotic lichen tissue was omitted from

sampling immediately following tracer application

in 2014. Actual total recovery would likely have

exceeded 110% had necrotic lichen been included.

FH material represented one of the largest sinks for
15N following isotope application. In 2014, 29.4%

of applied 15N was stored in FH tissue and by 2015

this proportion dropped to 21.1%. In 2016 how-

ever, the proportion grew to 30.0%. This increase

occurred despite the FH material enrichment being

relatively low (Figure 6). The high proportion of

recovery in FH material is a function of mass rather

than concentration. Apical and necrotic tissues

were much more enriched with 15N when com-

pared with background tissues; however, their

absolute mass is substantially less.

Dwarf shrub species also showed strong initial up-

take and subsequent retention of 15N, although there
Fig. 5. Percent recovery of applied 15N tracer in 2014,

2015, and 2016 in each measured biomass type.

Fig. 6. Comparison of 15N concentration of Cladonia mitis tissue (apical, necrotic, fibric–humic) and three ground

vegetation species (Arctostaphylos uva-ursi, Vaccinium myrtilloides, Vaccinium vitis-idaea) (2014, 2015, 2016).
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was considerable variation among species. Vaccinium

myrtilloides foliage (Vm)had the greatest initial uptake

with 31.7% of applied 15N followed by a substantial

decline to 4.0% in 2015 and the same amount in

2016. Vaccinium vitis-idaea foliage (Vv) initially took

up 16.4% of applied 15N which decreased to 5.4% in

2015 and 4.1% in 2016. Arctostaphylos uva-ursi (Au)

interacted to applied 15N similarly to Vaccinium vitis-

idaea, with an initial uptake of 16.1% followed by a

decrease to 7.2% in 2015 and 9.0% in 2016.

During the 15N tracer experiment, the only bio-

mass types that showed an increase in 15N recovery

from one year to another were Arctostaphylos uva-

ursi and the FH horizon. The proportion of unre-

covered 15N in the FH horizon increased to 41.0%

in 2015. Total recovery increased between 2015

and 2016, resulting in a decrease in the unrecov-

ered proportion to 36.6%. Mineral soil samples

were also analyzed from the Ae and B horizons, but

the concentration of 15N was below instrument

detection limit. It is possible that some of the

apparent loss of 15N between initial application in

2014 and subsequent sampling in 2015–2016 is

caused by leaching into the relatively massive

mineral soil horizons. These coarse-textured soil

horizons are sufficiently large to dilute tracer sig-

natures beyond detection (Abdelbaki 2018).

Soil Microbial Communities

A PCR assay for the functional gene amoA per-

formed on mineral soil (top 2 cm Ae horizon) failed

to amplify product (Figure 7; top) at both 1/10

original DNA concentration and 1/100 original

DNA concentration. The clear band produced from

control sample DNA (from an Ontario forest soil)

shows that the PCR was performed correctly and

that product amplification was possible in a sample

with known target DNA. This preliminary assay

shows that microorganisms containing the amoA

gene were not present in the mineral soil in

detectable quantities. These results were confirmed

by repeating this process with additional amoA

primer sets producing the same result.

Bacterial or fungal abundances were not signifi-

cantly affected by treatment (Figure 8). However,

when expressed as fungal/bacterial ratios, there

was a significant treatment effect (p < 0.05) al-

though a very marginal one with fungal/bacterial

ratios being generally lower at N treatments above

15 kg ha-1 y-1 (Figure 8). The seasonal effect was

also less significant when expressed as ratios

(p < 0.05), indicating that measured differences in

bacterial and fungal communities between treat-

ment sites may be largely attributable to site-

specific variation in total microbial biomass.

DISCUSSION

Lichen Chemistry and Nutrient Balances

After 5 years of N additions, there was an increase

in lichen N concentration that was most evident in

the apical tissue but was also observed in necrotic

tissue. Apical N concentrations were up to two

times higher in the high N treatments (25 kg ha-

1 y-1) compared with the controls (0 kg ha-1 y-1).

It has been well established that lichen thalli N

concentrations respond to atmospheric N deposi-

tion (Greenfield 1992; Hyvärinen and Crittenden

1998). Separation of lichen mats by depth showed

that in addition to accumulating N in biologically

active apical tissue, lichens also accumulate N in

Fig. 7. Agarose gel showing results of PCR assay amoA

functional gene in mineral soil (0–5 cm).

1318 A. Bird and others



their underlying necrotic tissue. The concentration

of N was only marginally lower in necrotic than in

apical tissue across all treatments. Wider disparities

in apical and necrotic tissue N concentrations have

been found in the terricolous lichen Cladonia por-

tentosa in the UK, where N concentrations were 2–5

times greater in the upper thallus (apical) than the

lower thallus (necrotic) (Hyvärinen and Crittenden

1998). The wider disparity between upper thallus

and lower thallus N concentrations in Cladonia

portentosa may be attributed to it being a much

taller lichen than Cladonia mitis. A larger lichen

thallus may allow for a more pronounced N con-

centration gradient to be formed across the length

of the lichen structure.

There is strong evidence that terricolous lichens

can translocate N and other nutrients through their

thallus via passive transport (Nieboer and others

1978; Ellis and others 2005). This pattern of passive

transport has been observed in the lichen Cladonia

alpestris using 90Sr and 137Cs isotopes. When

administered to the lower lichen thallus, the tracer

was found to diffuse to the uppermost portion of

the thallus (Tuominen 1967; Nieboer and others

1978). Nitrogen translocation in lichens has also

been investigated using 15N tracer studies by

Kytöviita and Crittenden (2007) who found that N

applied at the thallus base can be translocated up-

wards, but not the opposite. This movement is

likely the result of intracellular diffusion, but the

rates of tracer movement are consistent with

cytoplasmic streaming rates which have been ob-

served in other fungi (Bago and others 2002;

Kytöviita and Crittenden 2007). Regardless of the

mechanism of internal N translocation in lichen, it

has been suggested that this process follows a

source–sink relationship, in which the underlying

lichen material acts as a source and new apical

tissue acts as a sink. Hyvärinen and Crittenden

(1998) suggest that atmospheric deposition and

subsequent uptake of N by the apical lichen tissue

may reduce the relative strength of the source–sink

relationship, causing an increase in N accumulation

in underlying lichen tissue (reduction in flux from

necrotic to apical tissue). Another explanation for

these patterns may simply be that necrotic lichen is

intercepting N which passes through the apical

layer directly. Enrichment of necrotic lichen may

also occur via leaching of N from the apical thalli,

or via the flushing of trapped particulates to lower

strata of the lichen mat (Nieboer and others 1978).

The FH material has a greater N concentration and

is substantially larger than the apical and necrotic

material, resulting in a N pool approximately 10

times larger than that of the apical and necrotic

lichen. Due to the relatively large size of the FH N

pool, and the high variability of fibric–humic mass

from site to site, increases in N concentration in

fibric–humic material did not measurably change

the magnitude of the N pool in FH material in the

timespan of this study.

Soil N Processes and Microbial Activity

After five years of N application, there was no sig-

nificant response in net mineralization or net

nitrification rates, although distinct seasonal pat-

terns were observed. In temperate forest systems,

the net mineralization rate has been found to in-

crease with soil N concentration even beyond the

point of N saturation (Perakis and Sinkhorn 2011).

Results from the NITREX experiments in European

boreal forests showed an intermediate response of

mineralization rate and nitrification rate to N

additions, in addition to a rapid increase in NO3
-

leaching (Tietema and others 1998a). Soil incuba-

tion experiments conducted as part of NITREX

showed that in soils with variable N status, net

mineralization rates were correlated with soil res-

piration (Tietema and others 1998a). The rapid

release of NO3
- despite only moderate increases in

mineralization and nitrification in this study was

attributed to the occurrence of mass flow events

flushing added NO3
- from the soil profile (Tietema

and others 1998b). This suggests that the controls

Fig. 8. Fungal/bacterial ratio of microbial communities

in mineral soil between treatments in the 2015 growing

season (May 2015, July 2015, September 2015).
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on N saturation processes may be highly variable

by region and ecosystem type. In particular, the N

retention capacity of the ecosystem may influence

the timespan over which N saturation occurs, and

the type of saturation symptoms that manifest

(Tietema and others 1998a). Mineralization rates

may also be influenced by changes in soil moisture

content. Beier and others (2008) found that N

mineralization followed a parabolic trend as soil

moisture increased, with peak N mineralization

occurring at about 50% soil moisture. Soil moisture

was not assessed at our sites, but the region is

considered water-limited in general, receiving only

455 mm y-1 of precipitation.

It appeared that microbes possessing the amoA

gene are not present in detectable quantities in the

mineral soil at these study sites. The absence of

nitrifying microbes in boreal forests has also been

documented before (Ste-Marie and Paré 1999). An

incubation study using soil from five different for-

est stands in northwestern Quebec showed that

nitrification was extremely limited in soil from jack

pine stands, when compared with paper birch,

trembling aspen, white spruce and white cedar

(Thuja occidentalis) even when controlling for soil

properties (Ste-Marie and Paré 1999). Interestingly,

when jack pine soil was amended with soil from

another stand, nitrification was stimulated, sug-

gesting that the microbial populations were not just

dormant, but absent in jack pine forest soil (Ste-

Marie and Paré 1999). In this study, the addition of

NH4
+ did not have a positive effect on nitrification

rate, but increasing the pH elsewhere increased the

nitrification rate (Ste-Marie and Paré 1999). Ste-

Marie and Paré (1999) identified the soil pH

threshold that allowed nitrification to proceed to be

5.3. This pH threshold is consistent with our pH

measurements which were all below 5.3 in the FH

and Ae horizons (Table 1). A soil reclamation study

conducted in the AOSR found that reconstructed

soils amended with peat had positive increases in N

transformation rates (Masse and others 2016). In

this study, the increases in N transformations were

attributed to increases in organic N availability

(Masse and others 2016). Soil pH in the reclama-

tion study was consistently above the 5.3 threshold

identified by Ste-Marie and Paré 1999, ranging

between 5.9 and 7.2 (Masse and others 2016).

Denitrification was not directly measured in our

study. Although forest soils are often aerobic, soil

aggregates can produce anaerobic microsites which

play host to denitrifying microbes (Keiluweit and

others 2017). If significant denitrification was

occurring, it may represent an important ‘‘release

valve’’ for lichen-dominated systems experiencing

the effects of N saturation. However, it is unlikely

that denitrification represents a significant flux of N

from the mineral soil since measured soil NO3
-

concentrations were negligible, and evidence of

nitrifying microbes was not detected. Similarly, soil

N2O emissions measured from jack pine forest in

northern Saskatchewan have shown that under

background conditions, emissions are quite negli-

gible (0.005–0.008 g N2O–N m-2 y-1) (Matson and

others 2009).

As systems become N saturated, soils microbial

communities have been found to shift from fungal

dominance to bacterial dominance (Strickland and

Rousk 2010). In turn, gross mineralization has

been found to decrease as fungi/bacterial ratio de-

creases as well, supporting the current under-

standing that bacterial communities are

disproportionality responsible for N transformation

processes (Högberg and others 2007). Increasing N

addition slightly reduced the ratio of fungi/bacteria

as determined via qPCR. Soil fungi/bacterial ratios

measured via phospholipid fatty acid (PLFA) anal-

ysis have been found to be negatively correlated

with distance in the AOSR across a N deposition

gradient originating at the industrial center (Masse

and others 2015). However, our study did not

measure a corresponding change in net mineral-

ization rate. Therefore, it is likely that mineraliza-

tion rate was limited by another factor beyond

fungi/bacterial ratio. Högberg and others (2007)

found a positive correlation between soil pH and

gross mineralization, and a negative relationship

between soil C:N and gross mineralization. The pH

values measured in the mineral soil at the study

sites were low, ranging from 4.76 to 5.05 (Table 1).

Based on their relationship, the soil C:N is likely the

strongest limiting factor on mineralization rate at

the study location.

Integration of Added Nitrogen
into the Local N Cycle
15N enrichment of apical lichen tissue, necrotic

tissue, and FH material was largely consistent with

expectations from the N concentrations of the

separated lichen mats. The initial total recovery of
15N was very high (110.24%), which is consistent

with many 15N tracer studies which routinely ex-

ceed 100% due to high variability (Templer and

others 2012). The actual total recovery is likely

much larger still, considering that the necrotic li-

chen pool was initially omitted from sampling in

2014. Apical lichen tissue had the second highest

concentration of 15N immediately following

enrichment and had high retention of the initial
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enrichment year-to-year. The FH material had the

lowest initial 15N concentration in 2014 and re-

mained essentially unchanged during subsequent

measurements in 2015 and 2016. However, when
15N in the FH material is expressed in terms of total

recovery, FH material is clearly the largest N pool,

which is consistent with other tracer studies

(Templer and others 2012).
15N tracer results showed that the initial uptake

of N to dwarf shrubs is greater than anticipated

based upon N concentration measurements. High

initial 15N concentrations may have been influ-

enced by direct application in our experiment and

therefore may simply represent surface residue ra-

ther than physiological uptake. It was assumed that

dwarf shrub uptake of N was low because the

preliminary N concentrations measured in dwarf

shrubs in 2015 showed that that after five years of

N addition, there were no statistically significant

differences in N concentrations with treatment. The

dwarf shrubs Vaccinium vitis-idaea and Arctostaphalos

uva-ursi both accumulated a moderate amount of
15N immediately after application followed by a

large decrease from 2014 to 2015. In the second

year after application, the 15N concentration was

largely stable. This contrasts with the third dwarf

shrub Vaccinium myrtilloides that accumulated the

most 15N immediately after application, but then

also experienced the most dramatic loss of 15N from

year 1 to year 3. High initial 15N tracer uptake has

also been measured in the closely related species

Vaccinium myrtillus (Nordin and others 1998). Some

of the discrepancy between the dwarf shrub 15N

uptake and retention may be attributed to their

differences in physiology. Vaccinium vitis-idaea and

Arctostaphylos uva-ursi are both evergreen shrubs

with waxy-textured leaves that are retained for 1–

3 years, whereas Vaccinium myrtilloides loses its fo-

liage annually. Others have shown that dwarf

shrub response to N addition is largely controlled

by foliage type (wintergreen, evergreen, decidu-

ous) (Baddeley and others 1994; Parsons and oth-

ers 1994). Studies have also shown that dwarf

shrub response to N additions can be highly sensi-

tive to exposure to either wet or dry deposition

sources (Phoenix and others 2012). Species-specific

re-translocation or uptake of 15N tracer from the FH

material or soil pools may also attribute to the dif-

ferences between dwarf shrub responses in 2015–

2016.
15N enrichment in the FH was observable

immediately after application in 2014, but mea-

surements of FH material in 2015 after 5 years of N

additions did not show a broad treatment effect on

N concentration. This is further evidence that the

large size of the FH material N pool caused it to be

resistant to changes in measurable concentration

from incoming N additions. Another feature of the

FH shown by the 15N tracer experiment is that the

pool concentration was almost unchanged year-to-

year, but the total recovery of 15N between 2015

and 2016 increased. This could be the result of the

slow integration of lichen and dwarf shrub biomass

into the FH material through decomposition. Over

time the N in the FH horizon will likely become

incorporated into the mineral soil, but mineral soil

(Ae and B horizon) 15N enrichment in this study

could not be detected as the concentration was

below the detection limit of the instrument. Others

have suggested that the mineral soil may account

for large amounts of unrecovered tracer in boreal

experiments (Nordin and others 1998).

Implications for N Saturation and Critical
Loads

After five years of experimental N deposition in a

boreal forest system of northern Alberta, the tra-

ditional hypothesized patters of N saturation put

forward by Aber and others (1989) have largely not

been observed. The strongest response to increased

N deposition has been a steady accumulation of N

in the apical tissue and necrotic tissue of the terri-

colous lichen Cladonia mitis and Cladonia stellaris.

Slight effects of treatment on microbial communi-

ties may represent an early sign of response, al-

though more robust study is required. When the

results of the three lines of evidence are synthe-

sized, numerous potential N mobility pathways in

the forest floor are evident (Figure 9). These

observations are consistent with the N-saturation

model put forward by Lovett and Goodale (2011).

In the context of the Lovett and Goodale model, N

deposition is initially partitioned into the soil li-

chen/vegetation pool and the soil FH pool. Based

on measurements of mineralization rate, nitrifica-

tion rate, and soil microbial guilds, N losses due to

leaching are negligible. Denitrification, although

not directly measured, is also unlikely to be

occurring in significant quantities.

It is proposed that at the sites examined in this

study, Cladonia mitis apical and, to a lesser extent,

necrotic tissue is progressing toward a state of

capacity N saturation, which will be characterized

by physiological decline of the lichen thallus and

lichen death, whereas the uptake pathways of

Vaccinium myrtilloides, Vaccinium vitis-idaea, and

Arctostaphylos uva-ursi are experiencing kinetic N

saturation. If the dominant uptake pathway for

dwarf shrubs is through foliar deposition, kinetic
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saturation of this pathway would explain the dis-

crepancy between high enrichment of 15N in Arc-

tostaphylos uva-ursi foliage in the tracer experiment,

despite the absence of a treatment response in total

N concentration. Arctostaphylos uva-ursi would be

unable to take advantage of increased N deposition

and foliar N would not continue to increase year-

over-year. Under this framework, the N accumu-

lation rate for dwarf shrubs is limited by the foliar

uptake pathway, with physiological variations be-

tween evergreen and deciduous shrubs (Baddeley

and others 1994; Parsons and others 1994). Li-

chens, by contrast, have an extremely high

potential N accumulation rate and continue to re-

spond to additional N. This assertion is consistent

with findings which show that cumulative N load is

more detrimental to terricolous lichen cover than N

concentration in the long term (Britton and Fisher

2010). The presence of other potential contami-

nants (dust, metals: Watmough and others 2018) in

the region may also contribute to declines in lichen

health and so synergistic effects between N and

other contaminants should not be ruled out.

CONCLUSION

This work has shown that the FH material which

forms under terricolous lichen mats acts as a sig-

nificant sink of atmospheric N deposition. The FH

material moderates the release of N to mineral soil.

Therefore, the continued growth of these mats is

imperative for mitigating the effects of N saturation.

The greatest risk to this system under N saturation

is the loss of terricolous lichen cover as it reaches

and exceeds its N-toxicity threshold. Without

continued lichen growth and decomposition, the

forest floor will lose the capacity to replenish its

large humus layer. Simultaneously, the humus

layer may begin to receive a greater flux of N as the

density of lichen, and therefore, N retention

capacity of apical and necrotic tissue declines. It can

be expected that once the C/N ratio of the FH

material decreases to a sufficient level; microbial

populations will respond and accelerate rates of N

conversion. N critical loads for the AOSR should be

set to sufficiently protect terricolous lichens, as

their growth and structure have a disproportionate

effect on the regulation of N in boreal forests.
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