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Abstract Dominant canopy tree species have strong

effects on the composition and function of understory

species, particularly bryophytes. In boreal forests,

bryophytes and their associated microbes are a

primary source of ecosystem nitrogen (N) inputs,

and an important process regulating ecosystem pro-

ductivity. We investigated how feather moss-associ-

ated N2-fixation rates and contribution to N budgets

vary in time and space among coniferous and broad-

leaf deciduous forests. We measured N2-fixation rates

using stable isotope (15N2) labeling in two moss

species (Pleurozium schreberi andHylocomium splen-

dens) in broadleaf deciduous (Alaska paper birch—

Betula neoalaskana) and coniferous (black spruce—

Picea mariana) stands near Fairbanks, interior Alaska,

from 2013 to 2015. N2-fixation rates showed substan-

tial inter-annual variation among the 3 years. High N2-

fixation was more strongly associated with high

precipitation than air temperature or light availability.

Overall, contribution of N2-fixation to N budgets was

greater in spruce than in birch stands. Our results

enhance the knowledge of the processes that drive N2-

fixation in boreal forests, which is important for

predicting ecosystem consequences of changing forest

composition.

Keywords Nitrogen fixation � Feather moss � Boreal
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Introduction

Boreal forests of the world are important carbon

(C) sinks (DeLuca and Boisvenue 2012), making the

productivity of these ecosystems of global importance

in regulating atmospheric carbon dioxide (CO2)

concentrations (Bonan et al. 1992). Productivity in

boreal ecosystems is often limited by nitrogen

(N) availability (Tamm 1991; Vitousek and Howarth

1991). Biological N2-fixation (BNF) by various bac-

teria, such as free-living and symbiotic cyanobacteria,

is a major source of N in many ecosystems (Cleveland

et al. 1999). Associations between mosses and N2-
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fixing cyanobacteria have been identified as a source

of ecosystem N inputs in mature Scandinavian boreal

ecosystems (DeLuca et al. 2002). There, they con-

tribute up to 2–4 kg N ha-1 year-1 (DeLuca et al.

2007; Lagerström et al. 2007), a source of N that is

comparable to atmospheric N deposition (Sponseller

et al. 2016). Most of this newly fixed N is thought to

remain within the moss layer (Hyodo and Wardle

2009; Gavazov et al. 2010) but may become available

to vascular plants through mycorrhizae (Parke and

Linderman 1980; Carleton and Read 1991).

In boreal and Arctic ecosystems, feather mosses

such as Pleurozium schreberi (Brid.) Mitt. and Hylo-

comium splendens (Hedw.) Schimp. host N2-fixing

cyanobacteria on their leaves and stems (DeLuca et al.

2002; Ininbergs et al. 2011). Abiotic conditions are

important drivers of BNF by moss-cyanobacteria

associations (Rousk and Michelsen 2017). BNF

depends on favorable temperatures, moisture, and

light conditions (Chapin et al. 1991; Zielke et al. 2005;

Rousk et al. 2014; Gundale et al. 2012a, b). BNF is an

energetically demanding process, so it is low at sites

with high N availability (DeLuca et al. 2008; Gundale

et al. 2009). The contribution of P. schreberi’s

cyanobacteria communities to N fluxes and pools in

Scandinavian boreal forests is well established and the

contribution of cyanobacteria on H. splendens is

increasingly recognized as substantial (DeLuca et al.

2002; Zackrisson et al. 2004, 2009). Feather mosses

are prevalent in the understory of mature boreal forests

around the world (Oechel and Van Cleve 1986) and

they perform important ecosystem processes because

of their high net primary productivity, production of

recalcitrant litter, moisture retention, and soil insula-

tion (Turetsky 2003; Turetsky et al. 2012; Lindo et al.

2013).

Most of the work on moss-associated BNF in boreal

forests has focused on Fennoscandia’s coniferous

boreal forests with an extensive moss cover (e.g.,

DeLuca et al. 2002; Zackrisson et al. 2004, 2009).

However, boreal forests are composed of both conif-

erous and broadleaf deciduous stands. In the Alaskan

boreal forest, coniferous black spruce (Picea mariana

Mill. B.S.P.) forests occupy about 40% of the forested

landscape and pure deciduous forests occupy about

20% (Calef et al. 2005). Canopy composition is a

major driver of moss abundance (Hart and Chen 2006)

and has the potential to affect BNF. In interior Alaska,

mature black spruce forests ([ 40 years old) have a

moss cover of over 80%, mostly dominated by feather

mosses, while moss cover in deciduous forests in only

about 5% (Jean et al. 2017). Broadleaf deciduous

stands tend to have warmer and drier soils in the

summer and higher N availability than black spruce

forests (Melvin et al. 2015). In addition, larger

aboveground N pools are found in deciduous stands,

while black spruce stands have larger belowground N

pools (Melvin et al. 2015; Alexander and Mack 2016).

Forests in interior Alaska have a colder and drier

climate than boreal Fennoscandia, are regularly

affected by large stand-replacing disturbances such

as fires (ACIA 2005), and have comparably low N

deposition rates (Gundale et al. 2011); these factors

may also alter the patterns and ecosystem contribu-

tions of moss-associated BNF. Strong spatial (among

sites and canopy types), and temporal (among years or

months) variability in BNF is to be expected, but how

much this variability may affect the overall contribu-

tion of moss-cyanobacteria to stand-level N pools is

unclear.

Our objective was to characterize the stand-level N

contribution of BNF associated with P. schreberi and

H. splendens (hereafter referred to by their generic

names) in mature Alaska paper birch (Betula neoa-

laskana Sarg.) and black spruce stands in interior

Alaska. Measurements across multiple years and

replicate stands provided estimates of how moss-

associated BNF rates varied over space and time.

Additionally, we related environmental and climatic

variables, such as temperature, moisture, light, and N

availability, to BNF to understand the mechanisms

driving the observed patterns. If rates of BNF per unit

moss biomass are primarily limited by light, moisture,

or high nutrient availability, then rates should be

higher in spruce versus birch stands, as spruce stands

have less canopy shading, stable and high moisture

levels, and lower available N. In contrast, if temper-

ature limits BNF rates, then the highest rates should be

observed in birch stands, where surface temperatures

are warmer. At the stand level, N2 fixed per unit area

should be higher in spruce than in birch stands, as

mosses are more abundant. If yearly or seasonal

variation in weather (mostly temperature and precip-

itation) are driving fixation rates, then variation in

those variables should override canopy or moss

species effects. Earlier estimates of moss-associated

BNF in black spruce-feather moss stands of Alaska

(Billington and Alexander 1978, 1983) used the
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acetylene reduction method (Hardy et al. 1973), and

we expect to obtain more sensitive and robust

measures using stable isotope labeling to measure

BNF rates. Results of this study will give updated

estimates of how feather moss-associated BNF con-

tributes to N cycling among deciduous and coniferous

boreal forests of interior Alaska.

Methods

Study sites

Our study area was in the Tanana Valley State Forest

near Fairbanks, Alaska (64�53N, 148�23W). We

established three sites or blocks (A, B, and C) of

paired, adjacent stands of mature black spruce and

Alaska paper birch (hereafter called spruce and birch)

located on a northeast-facing slope that burned in a

1958 fire. Sites A and B were typical of well-drained

upland forests, while site C was close to a riparian area

with higher soil moisture. This region experiences a

cold, continental climate, with a mean annual air

temperature of- 2.5 �C, mean annual precipitation of

286 mm (65% as rain), and a growing season of about

135 days (Hinzman et al. 2005).

We installed one weather station (Onset Hobo H21-

002) in each stand (n = 6). Weather stations measured

soil temperature (S-TMB-M002) and moisture (S-

SMD-M005) at 10 cm below the soil surface, and air

temperature and relative humidity (S-THB-M002),

and photosynthetic active radiation (PAR; S-LIA-

M003) at 1.75 m above ground level. Canopy cover

was determined by analyzing hemispherical pictures

taken 30 cm above the moss in 2014 with Gap Light

Analyzer (Frazer et al. 1999; n = 144). Five cores

were extracted per stand in 2012 to assess soil

characteristics, as well as pools and fluxes of C and

nutrients (Melvin et al. 2015).

Moss cover averaged 5% in birch and nearly 100%

in spruce stands (visual estimates conducted June 27,

2014 in six 4 m2 plots equally placed along a 60-m

transect in each stand). Hylocomium and Pleurozium

were the most common bryophytes (Online Resource

Table S1) and examination of a few samples revealed

the presence of the cyanobacteria genera Nostoc and

Anabaena, both with heterocysts. Other taxa known to

host N2-fixing bacteria (Van Cleve et al. 1971; Basilier

1980) were present in low amount in some of the

stands: Sphagnum spp. and alder (Alnus spp.). Decid-

uous leaf litter (primarily birch leaves) dominated the

forest floor in birch stands (94%) and was present in

spruce stands (26%). Additional site description can

be found in Melvin et al. (2015), Jean (2017), and

Online Resource Table S1.

15N2 incubation assays

The sampling design differed slightly every year from

2013 to 2015 (Table 1). Different moss patches

(30 cm diameter) were sampled each year, but the

same patches were used within the seasonal 2014

sampling. In 2013, five monospecific Pleurozium or

Hylocomium moss patches were selected in the spruce

and birch stands from sites A and B. BNF rates were

measured in late July on the top 5–8 cm of 20

Pleurozium shoots or 10Hylocomium shoots per patch

(Table 1). In 2014, 12 monospecific moss patches

(n = 12 patches per species per stand) were selected

along a 60-m transect in each stand of sites A, B, and

C. BNF rates were measured in site A in June, July,

August, and September 2014 (Table 1), and in sites B

and C in August (Table 1). In August 2015, BNF rates

were measured in five Hylocomium-dominated

patches that also contained Pleurozium in sites A

and B (n = 5 patches per stand, Table 1); therefore,

both moss species were sampled within the same patch

(Jean 2017). In 2014 and 2015, shoots were collected

at a length of 5 cm from the apical meristem and BNF

rates were measured on 10 Pleurozium orHylocomium

shoots per patch. Incubated samples included both

green and brown moss parts.

During incubation trials, we watered moss patches

with rainwater 24 h and immediately before the start

of the incubation to ensure minimum water availabil-

ity. Control mosses were collected to measure natural
15N abundance from 2 to 10 shoots per moss species

from each patch in each sampling period (5–8 cm in

2013 and 5 cm in 2014–2015). Enriched moss samples

were incubated 24 h on their patch of origin in 60-ml

translucent polycarbonate syringes, each filled with

10 ml of air and 10 ml of 15N2 (98% enriched,

Cambridge Isotope Laboratories Inc., U.S.A.). After

incubation, enriched and control samples were

weighed wet, dried for 72 h at 60 �C, reweighed,

and finely ground. Nitrogen and carbon concentrations

and 15N and 13C at% values were determined using an
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Elemental Analyser coupled to a Continuous-flow

Isotope Ratio Mass Spectrometer (University of

Florida in 2013 and Northern Arizona University in

2014–2015). BNF was calculated by comparing the

d15N values from enriched and control samples

(detailed calculations in Online Resource Table S2).

In July 2014, we tested if watering biased estimates of

BNF rates by incubating both dry and wet mosses

(pooled data from both moss species and forest types

in site A; n = 24 for each). Average moss moisture

was 40.6% ± 5.4 (mean ± SE) in the non-watered

mosses and 76.9% ± 3.8 in the watered treatment but

did not affect BNF rates (paired t test:

F1,23 = - 1.736, P = 0.096). To extrapolate measure-

ments of BNF to potential N fixed per unit area, we

used moss percent cover and excavated five 10-cm-

diameter samples dominated by each moss species in

each stand to calculate shoots density and dry weight.

Depth of the green moss was about 2.2 cm ± 0.2 in

spruce and 1.9 cm ± 0.2 in birch stands, but individ-

ual moss shoots could be green up to 5–8 cm in length

since both moss species have a pleurocarpous growth

form. For shoots of similar length, Pleurozium was

half to a third the weight and 85% of the volume of

Hylocomium (Online Resource Table S1, Table S2).

Data analysis

We investigated inter-annual variation (2013, 2014,

and 2015; Table 1) in BNF rates among forest types

and moss species using a three-way mixed-model

analysis of variance (ANOVA) including all interac-

tions between forest type, moss species, and year of

sampling and sites (A and B) as a random effect. Intra-

annual BNF rates were compared within the 2014

growing season (June, July, August, and September in

site A; Table 1) using a mixed-effect model to account

for repeated measures on each moss patch (library

lmerTest; Kuznetsova et al. 2015). We used a three-

way ANOVA (forest type, moss species, and site) with

data from August 2014 to assess spatial variation

between sites in BNF rates. In this case, sites are not

used as replicates, but as a fixed effect in order to

assess how site selection may affect measured BNF

rates. We believe that presenting site-to-site variabil-

ity in BNF rates may stimulate further hypotheses,

even if it diverges from our initial sampling design.

We interpret those results with caution. We used

Tukey honest significant difference (HSD) tests to

compare among groups when significant effects were

found (P\ 0.05). In all analyses, BNF rates were log

transformed to meet assumptions of normality and

homoscedasticity, and R software was used for

statistical calculations (R Development Core Team

2016).

We used a structural equation model (SEM; Grace

2006) to estimate direct and indirect effects of

environmental variables on BNF patterns (lavaan

package; Rosseel 2011). Data from all years, months,

and sites were pooled in a single SEM (n = 363), and

we used environmental covariates to account for

shared variance associated with spatial and temporal

pseudoreplication. We used the natural logarithm of

BNF to meet the SEM assumption of linear bivariate

relationships, while other relationships between vari-

ables were largely linear. Numerical variables were

standardized, and we used bootstrapping with 1000

iterations. Additional paths were added individually to

our a priori model (Fig. 1) based on the highest

modification indices if they made ecological sense

Table 1 Sampling design summary for inter-annual (August in 2013, 2014, and 2015), intra-annual (June to September 2014), and

spatial (sites in August 2014) variation in BNF rates

Year Date Inter-annual variation Intra-annual variation Spatial variation Na

2013 July 27–28 Sites A, B – – 5

2014 June 21–22 – Site A – 12

July 14–15 – Site A – 12

August 5–9 Sites A, B Site A Sites A, B, C 12

September 26–27 – Site A – 12

2015 August 2–6 Sites A, B – – 5 (3–5 for Pleurozium)

aNumber of sampled replicates per moss species (2) per forest type (2) per site (3)
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(Grace et al. 2012). We determined if the SEM was a

good fit by using a Chi-square test (P[ 0.05), the root

mean square error of approximation (RMSEA with

lower 90% confidence intervals close to zero), and the

comparative fit index (CFI[ 0.90; Grace et al. 2012).

Covariates used in the SEM included three climate

variables (average air temperature, average light

availability and total precipitation 30 days prior to

incubations), a variable representing variation among

sites in nutrient availability (N mineralization rate;

Melvin et al. 2015), and categorical variables of forest

type and moss species. Air temperature was selected

over soil temperature, as it was more similar to

temperatures at the moss layer surface. Air tempera-

ture and light availability were obtained from our six

weather stations (one value per stand per sampling

period), while total precipitation was acquired from

the Fairbanks airport database (ACRC 2016). Monthly

averages were used because recovery of moss-associ-

ated BNF rates from drought stress can be on the order

of hours (Rousk et al. 2014) to weeks (Gundale et al.

2012b). Our a priori model included all direct effects

on BNF as well as indirect effects of forest type on

temperature, light and N availability, and correlations

between light, temperature, and precipitation (Fig. 1).

Stand-level fixation rates and N pools

We used published estimates of ecosystem N sources

and requirements from our sites or similar forest

stands in interior Alaska (Table 2, Online Resource

Table S3). Total N requirements were calculated from

the literature by adding N required for annual net

primary productivity (ANPP) of trees (foliage, wood,

bark, and fine roots) and feather mosses and subtract-

ing N losses in plant litter. N sources were calculated

by adding net N mineralization and nitrification, BNF

by vascular plants, and atmospheric wet and dry N

deposition. Boreal plants can absorb organic N forms

(Näsholm et al. 1998), but this was not included in our

calculations. N sources accounted for 81 and 133% of

N requirements in spruce and birch stands, respec-

tively (Table 2). Estimates of total N losses summed to

0.27 kg ha-1 year-1 in spruce and 0.18 kg ha-1

year-1 in birch, including N leaching (Van Cleve

et al. 1983), denitrification (Sponseller et al. 2016),

and riverine exports of N (Jones et al. 2005). This

approach is similar to what has been done in Stuiver

et al. (2015) and, while we did not include ANPP from

shrubs, forbs, and grasses, we obtained similar rates of

N requirements for coniferous forests of 3.26 kg N

ha-1 year-1 in our spruce stands vs. 4.4 kg N ha-1

year-1 in managed Swedish coniferous forests.

We calculated seasonal (June–September) stand-

level N2-fixation to assess contributions of moss-

associated BNF to N cycling in boreal Alaska using

median BNF rates (lg N g dry moss-1 day-1), a well

as mean moss cover (%), moss shoot density (stems

cm-2), and moss weight per shoot (g dry moss

shoot-1). Median BNF was used instead of mean

since outliers skewed the distribution. We estimated

daily BNF for June to September using measurements

made in each month in 2014 and ratios of monthly

rates for 2013 and 2015. We estimated N2-fixation for

all years in sites A and B and only 2014 in site C. Since

it was not logistically possible to measure BNF at all

sites and all points in time, we made the assumption

that ratios of monthly BNF rates remained the same

across years and sites. This assumption relies on the

facts that seasonal trends in N2-fixation remain very

similar across years and study areas in boreal Scan-

dinavia (e.g., DeLuca et al. 2002, Zackrisson et al.

2004, 2009) and that no seasonal trends are available

for interior Alaska other than the data we collected in

2014.

N2-fixation
rates

Light
availability

N
mineralization

Moss species
(H. splendens = 0, 

P. schreberi = 1)
Precipitation

Air
temperature

Forest type
(birch = 0,

spruce = 1)

Fig. 1 SEM a priori pathways for assessing drivers of N2-

fixation rates using all measurements across forest types, moss

species, years, months, and sites. Single arrows represent

hypothesized regression pathways, while double-headed arrows

indicate correlations
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Results

Environmental conditions

The summer of 2014 was unusually wet (370.6 mm

rain), while 2013 and 2015 were closer to average

rainfall (143.2 mm and 207.5 mm, respectively). Over

5 million acres burned in the summer 2015, resulting

in the second-worst fire year on record in Alaska

(AICC 2015). Growing season air temperature was

similar in both forest types but warmer in 2013

(14.1 �C) and 2015 (14.1 �C) than in 2014 (11.9 �C)
(Online Resource Table S1). Soil temperatures were

lower in spruce (4.1 �C) than in birch stands (7.7 �C)
and remained relatively stable among years. Summer

PAR was higher in spruce than in birch stands (384.0

vs. 145.1 lmol m-2 s-1), as canopy cover was lower

(69% vs. 85% in birch stands). Soil organic layers

were shallower and pH, N mineralization and nitrifi-

cation rates, and phosphorus (P) availability were

higher in birch than in spruce stands, and higher in site

C than in site A or B (Online Resource Table S1,

Melvin et al. 2015).

Isotopic composition of samples

Natural variation in the range of d15N was relatively

small across years, forest types, moss species and sites

(- 2.05% ± 0.13 (mean ± SE, n = 71), range

- 3.81 to 2.26%) when compared to values observed

in 15N-enriched samples (d15N = 1043.30% ± 51.51

(n = 362), range - 4.15 to 7,561.17%). Overall,

natural d15N was similar among moss species, aver-

aging - 2.09% ± 0.15 (n = 43) for Hylocomium and

- 2.30% ± 0.12 (n = 44) for Pleurozium, but higher

in birch (- 2.01% ± 0.14 (n = 42)) than in spruce

(- 2.38% ± 0.13 (n = 45)) stands, especially in

2015 (Online Resource Table S4).

Inter-annual variation (2013–2015)

Rates of BNF per unit moss biomass varied among

years, stand types, and moss species (Fig. 2, Table 3).

Sampling year explained about 84% of total variation

in BNF rates (P\ 0.0001). BNF rates were highest in

the rainy summer of 2014 (79.9 ± 4.5) and similar in

2013 (5.2 ± 1.6) and 2015 (1.7 ± 0.5 lg N fixed g

dry moss-1 day-1). The impact of forest type and

moss species on BNF rates varied according to the

year of sampling. BNF rates were higher in spruce than

in birch stands in 2013 and 2014, but not in 2015

(P\ 0.0001; Table 3). BNF rates were higher in

Hylocomium in 2013, higher in Pleurozium in 2014,

and, while rates were slightly higher for Hylocomium,

the difference among species was not significant in

2015 (P = 0.0011; Table 3; Fig. 2).

Intra-annual variation (June–September)

Rates of BNF per unit moss biomass changed signif-

icantly throughout the growing season (P\ 0.0001,

Fig. 3, Table 4) and followed weather trends. Air

Table 2 Estimated N budget for spruce and birch stands in interior Alaska. Values are given in kg N ha-1 year-1

Black

spruce

Alaska paper

birch

Plant N

requirements

N allocation to tree growth (foliage, perennial wood and bark, fine roots, loss

through litter)a,b
25.62 79.79

N allocation to feather moss growthc 7.01 0.25

Stand-level N requirements 32.63 80.04

N Sources N mineralization and nitrificationa 21.46 91.82

N2-fixation vascular plantsb,d 1.50 4.00

Dry and wet N depositione,f,g 0.30 0.30

Total N Sources 26.50 106.85

N sources/N requirement *100 81.21 133.49

Detailed calculations are presented in Online Resource Table S3. Footnotes indicate sources of data used in the table
aMelvin et al. (2015); bRuess et al. (1996); cJean (2017); dVan Cleve et al. (1983); eJones et al. (2005); fSponseller et al. (2016);
gHinzman et al. (2006)
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temperatures and precipitation were highest in July

(16.1 �C, 147 mm), lowest in September (8.0 �C,
73 mm), and similar between June (14.7 �C, 90 mm)

and August (15.0 �C, 58 mm; ACRC 2016). Overall,

BNF rates increased from June to August, then

declined in September, except for Pleurozium in birch

stands, which peaked in July. BNF rates remained

higher for Pleurozium than Hylocomium throughout

the growing season (P\ 0.0001, Table 4), and higher

in spruce than in birch stands (P\ 0.0001). BNF rates

remained low in birch stands throughout the growing

season, with higher rates in July and August than June

N
2-

fix
at

io
n 

ra
te

 (μ
g 

N
/g

 d
ry

 m
os

s/
da

y)

510241023102

Birch Birch BirchSpruce Spruce Spruce

H. splendens
P. schreberi

1
2

5
10

20
50

10
0

20
0

a

b

c

d

a
a

B

A

C

D

A

A

Fig. 2 N2-fixation rates (lg N g dry moss-1 day-1) of

Hylocomium splendens and Pleurozium schreberi in birch and

spruce stands from sites A and B (pooled) in late July-early

August 2013 (n = 10, 5 per species per forest type per site), 2014

(n = 24, 12 per species per forest type per site), and 2015

(n = 10, 5 per species per forest type per site).While pooled data

are presented here, statistical analyses included a random site

effect. Medians are indicated by the black horizontal lines,

boxes include 25–75% quantiles, and whiskers include 5–95%

of the data. Outliers are shown as circles. Lowercase letters

indicate forest-type differences across years and uppercase

letters indicate moss species differences across years. Different

letters indicate that the treatments were significantly different

(a = 0.05) following a Tukey HSD posthoc test. Note the log

scale of the y-axis

Table 3 Results of the three-way linear mixed-model comparing N2-fixation rates according to year, forest type, and moss species

with type III Satterthwaite approximation for degrees of freedom (Kuznetsova et al. 2015)

Sum of

squares

Mean

squares

Numerator degrees of

freedom

Denominator degrees of

freedom

F value P value

Year 463.75 231.87 2 158.01 879.43 < 0.0001

Forest type 20.89 20.89 1 158.01 79.24 < 0.0001

Moss species 1.17 1.17 1 158.01 40.44 0.0367

Year 9 forest type 5.61 2.81 2 158.01 10.64 < 0.0001

Year 9 moss species 13.05 6.52 2 158.01 24.75 < 0.0001

Forest type 9 moss species 0.20 0.20 1 158.01 00.75 0.3876

Year 9 forest type 9 moss

species

0.04 0.02 2 158.01 00.08 0.9192

The random effect site accounted for 0.023 ± 0.151 (standard error) of the variance

Significant effects are shown in bold font (a = 0.05)
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or September (Fig. 3), while in spruce stands BNF

rates were highest in August, lowest in June, and

intermediate in July and September. BNF rates

averaged across 2014 were lowest for Hylocomium

in birch stands, similar between Pleurozium in birch

stands and Hylocomium in spruce stands, and highest

for Pleurozium in spruce stands (P = 0.0007, Fig. 3,

Table 4, Tukey HSD P\ 0.05).

Between-site variation in N2-fixation

BNF rates differed among moss species, with rates in

Pleurozium higher than those in Hylocomium across

all sites and forest types (P\ 0.0001, Fig. 4, Table 5).

Fixation rates were overall higher in spruce stands

than in birch stands (P\ 0.0001); however, this

difference was driven by sites A and B. In birch

stands, fixation rates were lowest in site A and highest

in site C, while in spruce stands, fixation rates were

highest in site A and lowest in site C (P\ 0.0001,

Fig. 4, Table 5). This pattern was similar to that of N

availability, which was higher in birch than in spruce

stands, and higher in site C than in sites A and B

(Online Resource Table S1). These results indicate

that site selection may affect measured differences in

BNF rates among forest types.

Relation to environmental variables

In the final SEM model (Fig. 5, Online Resource

Table S5), the direct effects of moss species and forest

types showed higher rates of BNF in spruce than in

birch stands, and higher rates in Pleurozium than

Hylocomium. BNF was positively associated with
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Fig. 3 N2-fixation rates (lg N g dry moss-1 day-1) for

Hylocomium splendens and Pleurozium schreberi in spruce

and birch stand in June, July, August, and September 2014 (site

A only, n = 12). Each point represents one sample. Curves and

shadings represent a LOESS (locally weighted scatterplot

smoothing) curves with a smoothing parameter of 1 for each

series of points and 95% confidence interval. Different letters

indicate that the forest type and month groups were significantly

different following a Tukey HSD posthoc test (a = 0.05).

Letters above the points are associated with spruce and letters

below are associated with birch stands. Note the log scale of the

y-axis

Table 4 Results of the three-way mixed-effects model with type III Satterthwaite approximation for degrees of freedom comparing

BNF (natural logarithm transformed) among forest types, moss species, and month

Sum of squares Mean squares DFn DFd F value P value

Month 13.120 4.373 3 154 43.691 < 0.0001

Forest type 13.918 13.918 1 154 139.054 < 0.0001

Moss species 10.898 10.898 1 22 108.876 < 0.0001

Month 9 forest type 0.887 0.296 3 154 2.953 0.0345

Month 9 moss species 0.271 0.090 3 154 0.902 0.4416

Forest type 9 moss species 1.195 1.1945 1 154 11.938 0.0007

Month 9 forest type 9 moss species 0.185 0.062 3 154 0.617 0.6050

Moss patches repeatedly sampled during the summer were the random effect and accounted for 0.016 ± 0.100 (standard error) of the

variance

Significant effects are shown in bold font (a = 0.05)

123

844 Plant Ecol (2018) 219:837–851



precipitation, and negatively with air temperature and

light. Forest type affected light availability, which was

higher in spruce stands, but did not influence air

temperature. N mineralization rates were lower in

spruce than in birch stands; once this was accounted

for, BNF was positively associated with N mineral-

ization rates. The strong direct path between forest

type and BNF rates indicates that other stand-associ-

ated variables that were either not measured or not

measured at the right scale may also be important

drivers of BNF (e.g., moss moisture regime, Fig. 5).

BNF contribution to N budgets

Spruce stands exhibited both high moss cover and high

rates of BNF, leading to higher total N2 fixed per unit

ground area than in birch stands (Table 6). In the drier

2013 and 2015 years, Hylocomium-associated BNF

per unit ground area was dominant, while Pleurozium-

associated BNF dominated in the wet year of 2014.

BNF rates and total amount of N2 fixed in 2014 were

surprisingly high and orders of magnitude larger than

in the other two years. Spatial variation among sites in

2014 was smaller (2 to 10-fold, Table 7) than that of

the inter-annual variation (46 to 317-fold). The highest
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Fig. 4 N2-fixation rates (lg N g dry moss-1 day-1) for

Hylocomium splendens and Pleurozium schreberi measured in

August 2014 in birch and spruce stands in the 3 sites (n = 12).

Different letters indicate a significant difference following a

Tukey HSD posthoc test (a = 0.05). Note the log scale of the y-

axis

Table 5 Results of the

three-way ANOVA model

comparing BNF (natural

logarithm transformed)

rates according to forest

type, moss species and

block with type III sum of

squares

Significant effects are

shown in bold font

(a = 0.05)

Sum of squares DF F value P value

Intercept 156.392 1 1416.144 \ 0.0001

Forest type 3.043 1 27.554 < 0.0001

Block 1.846 2 8.359 0.0004

Moss species 2.765 1 25.036 < 0.0001

Forest type 9 block 2.657 2 12.031 < 0.0001

Forest type 9 moss species 0.068 1 0.614 0.4348

Block 9 moss species 0.619 2 2.804 0.0642

Forest type 9 block 9 moss species 0.376 2 1.705 0.1858

Residuals 14.577 132
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amount of fixed N was in the site A spruce stand,

which had the highest BNF rates, as well as the highest

moss cover and biomass per unit area (Table 7).

The proportion of moss N requirements that could

be met by moss-associated N2-fixation varied annu-

ally, with values ranging from 2 to 200% in birch

stands, and 11 to 429% in spruce stands (Table 6).

BNF accounted between 0.01 and 1% of the annual

stand-level N requirements in birch stands, in contrast

to 2 to 92% in spruce stands. There, N inputs from

moss-cyanobacteria associations have the potential to

be larger than combined BNF from vascular plants and

N2-fixation rates
R2 = 0.440

Light availability
R2 = 0.583

N mineralization
R2 = 0.803

Moss species
(H. splendens = 0, 

P. schreberi = 1)
Precipitation

Air temperature

Forest type
(birch = 0, spruce = 1)

0.177

0.419

-0.257

0.478

-0.386

-0.896 0.764

0.732

Fig. 5 Fitted pathways of a structural equation model of N2-

fixation rates (log transformed values, lg N g dry moss-1

day-1). The model fits the data, which included all measure-

ments across forest types, moss species, years, months and sites

(n = 363, v2 = 8.151, 7 degrees of freedom, P = 0.319, RMSEA

90% CI 0.00–0.079, CFI = 0.998). Black lines represent

significant regression pathways; solid lines are positive

pathways, and dashed lines are negative pathways. Path

coefficients are the standardized prediction coefficients from

the SEM model with the width of the arrow indicating the

magnitude. Significant correlations are indicated by gray

double-headed arrows and their coefficients are found in Online

Resource Table S5. R2 values are included for all significant

endogenous variable pathways

Table 6 Moss biomass (top 5 cm) and estimated fixed N in June–September 2013, 2014, and 2015 (averages of sites A and B)

Forest type Moss species Moss cover (%) Moss dry weight (g m-2) N-fixed (kg N ha-1 summer-1)

2013 2014 2015

Birch Hylocomium splendens 3.0 7.0 0.005 0.185 0.004

Pleurozium schreberi 1.6 4.2 0.001 0.317 0.001

% feather moss requirementsa 2.39 199.74 1.99

% Stand-level N requirementsa 0.01 0.63 0.01

Spruce Hylocomium splendens 69.4 224.3 1.975 14.577 0.710

Pleurozium schreberi 38.1 137.4 1.424 15.482 0.086

% of feather moss requirementsa 48.48 428.71 11.35

% Stand-level N requirementsa 10.42 92.12 2.44

Total N2-fixation rates were obtained by using moss cover, density, dry weight, and median N2-fixation rates for each month. 2013

and 2015 monthly data were estimated based on the 2014 ratios
aCalculated from the N budget presented in Table 2
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dry and wet N deposition in a ‘typical’ year (e.g., 2013

and 2015), and sometimes larger than mineralization

and nitrification (Table 2), as in the spruce stand of

site A in 2014. The amount of N2 fixed by both moss

species in the spruce and birch stands from sites A and

B in 2014 equaled or exceeded the annual N require-

ments of feather moss (Table 7). The low abundance

of mosses in birch stands meant that the contribution

of moss BNF to stand-level N budget was negligible in

all three sites. In spruce stands, the contribution to

stand-level N requirements of both moss species

ranged from 13 to 44% (Table 7).

Discussion

BNF by feather moss-cyanobacteria associations has

the potential to be a source of N equal or larger than all

other N sources combined in the mature black spruce

stands of this study. BNF rates were generally higher

in stands dominated by black spruce than in stands of

Alaska paper birch for both moss species, although

they were low in all stand types in 2015. Environ-

mental factors specific to each forest type are likely

important drivers of variation in BNF rates by feather

moss-cyanobacteria associations. Our results support

the idea that N inputs from feather moss-cyanobacteria

associations contribute significantly to N pools in

interior Alaska, particularly in black spruce stands

where feather mosses are abundant, while their

contribution is negligible in deciduous birch stands.

Additionally, this study highlights the importance of

stochastic factors associated with weather conditions,

as year and month of sampling can override the effects

of canopy, moss species, and micro-environmental

variables on BNF rates.

Boreal forests have large stocks of organic N in

their soils (Van Cleve and Alexander 1981), yet plant

productivity is often limited by N turnover and

availability to plants and microbial symbionts (Tamm

1991; Vitousek and Howarth 1991). We found that the

amount of N2 fixed by feather mosses in upland spruce

stands was extremely variable among years, contribut-

ing up to 92.1% of the stand-level (trees andmosses) N

requirements in 2014, 10.4% in 2013, and 2.4% in

2015. These 2013 and 2015 values were comparable to

the reported 9.1% contribution of feather mosses to N

budgets in managed coniferous forests in Sweden

(Stuiver et al. 2015). Feather moss contribution to N

budget in birch stands was minor, ranging between

0.01 and 0.63%. The average contribution of both

feather moss species over the three years was similar,

Table 7 Estimates of potential fixed N in 2014 for all sites, forest types and moss species based on August 2014 median N2-fixation

rates

Forest

type

Moss species Site Moss

cover (%)

Moss dry

weight (g m-2)

Median fixation rate

(lg N g dry moss-1)

N fixed (kg N ha-1

summer-1)

% N requirement

Feather

moss

Stand-

level

Birch Hylocomium

splendens

A 1.8 5.3 34.363 0.167 66.45 0.21

B 4.1 7.6 41.594a 0.202 80.37 0.25

C 0.1 0.3 72.156a 0.021 8.36 0.03

Pleurozium

schreberi

A 1.6 4.9 73.240 0.365 145.23 0.46

B 1.5 3.6 74.35a 0.270 107.43 0.34

C 0.6 2.4 90.023a 0.216 85.95 0.27

Spruce Hylocomium

splendens

A 87.6 362.3 73.889 23.061 328.90 70.68

B 51.2 121.4 58.292a 6.094 86.91 18.68

C 45.6 118.2 53.292a 5.429 77.43 16.64

Pleurozium

schreberi

A 42.6 182.5 117.023 20.526 292.75 62.91

B 33.7 98.7 110.057a 10.438 148.87 31.99

C 37.3 94.9 91.501a 8.340 118.95 25.56

aRates for June, July, and September in sites B and C were estimated using the ratio between months in site A
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about 5.7 kg N ha-1 year-1, but the contribution of

Hylocomium was larger in 2013 and 2015 and that of

Pleurozium was larger in 2014. BNF contributions by

feather mosses have been reported to range between

0.01 to 7 kg N ha-1 year-1 in boreal, mostly conif-

erous, stands (Lindo et al. 2013). BNF rates measured

during the wet year of 2014 in spruce stands were

much higher (averaging 14 to 44 kg N ha-1 year-1)

and exceeded feather moss N requirements. It is still

unclear what happens to the fixed N2 and how much of

it is trapped in recalcitrant moss litter, transferred to

other ecosystem components through mycorrhizal

fungi (Carleton and Read 1991; Lagerström et al.

2007), or leached following drying and rewetting

events (Carleton and Read 1991; Rousk et al. 2014).

Years were the largest source of variation in BNF

rates, with 2014 rates being 9-fold higher than in 2013,

and 38-fold higher than in 2015. This pattern of inter-

annual variation was associated with precipitation;

2014 received twice the amount of rain of 2013 or

2015 and twice the Fairbanks long-term average

(Hinzman et al. 2005). BNF rates also varied through

the 2014 growing season, with a peak in fixation rates

occurring late-July and early-August for both moss

species and in both forest types. This pattern is more

similar to reports from the Arctic (Alexander and

Schell 1973; Chapin et al. 1991) than to the peaks in

June and September found in boreal Scandinavia

(DeLuca et al. 2002; Zackrisson et al. 2004). Moss

moisture was high (70–95%) in July and August 2014

and may not have been limiting. Variation in BNF

rates between sites and forest types was smaller than

the inter- and intra-annual variation, suggesting that

factors that vary annually, such as weather, are more

important in controlling BNF rates than factors that

vary in space.

Abiotic conditions, such as temperature, light

availability, N availability, and precipitation were

associated with BNF patterns. Numerous studies have

found a positive impact of temperature on BNF by

moss-associated cyanobacteria (e.g., Zielke et al.

2002; Gundale et al. 2012a). Conversely, we found

that air temperature (12–16 �C) had a negative

association with BNF, possibly because of a decrease

in ambient moisture with increased temperatures

(Rousk et al. 2015). Our data also did not support a

strong dependence of BNF on light availability and

moss photosynthesis (Sorensen et al. 2012; Gundale

et al. 2012b), possibly because light availability was

relatively high across all samples. We found the

strongest evidence for moisture (e.g., Gundale et al.

2009; Jackson et al. 2011; Gundale et al. 2012b) in

controlling rates of BNF in this part of the boreal

forest, as inter- and intra-annual patterns of fixation

rates were associated with precipitation patterns.

BNF is an energetically expensive process and rates

of BNF and colonization by cyanobacteria are known

to decrease under high N availability (Zackrisson et al.

2004; DeLuca et al. 2008; Gundale et al. 2011). Moss-

associated BNF is predicted to decrease above N input

thresholds of 10.25–12.25 kg N ha-1 year-1 (Zack-

risson et al. 2004; Ackermann 2013). N inputs in the

birch stands of this study (Table 2) well exceeded this

threshold and may explain their lower BNF rates. Low

BNF rates in the spruce stand of site C also support a

negative effect of N availability, as this site had the

highest N mineralization rates in our study. Surpris-

ingly, N availability was positively associated with

BNF in our SEM model. However, the low power of

our sample design to estimate effects of site-to-site

variation (with only one year of measurements across

all three sites) means these effects must be considered

inconclusive. Nevertheless, these suggest that further

research is needed to assess how site variability may

affect BNF, even in a small study area. Spatial

variation in BNF may have also been affected by

other unmeasured factors, such as abundance and

colonization of mosses by cyanobacteria (Whiteley

and Gonzalez 2016), molybdenum or iron availability

(van Groenigen et al. 2006; Rousk et al. 2017), and

trophic interactions within the bryosphere (Kardol

et al. 2016).

Conclusion

BNF by feather moss-cyanobacteria associations

appears to be a significant contributor to N cycling

in interior Alaska’s black spruce forests, while it plays

a negligible role in birch forests. BNF rates were

strongly dependent on the year of sampling and varied

with annual precipitation. Moss species, canopy type,

and seasonal variation all influenced BNF rates.

Fixation rates were higher in spruce stands, in late

summer. In birch stands, fixation rates remained low

through the summer. Differences in BNF rates among

moss species depended on the year; across years, both

Pleurozium and Hylocomium contributed similarly to

123

848 Plant Ecol (2018) 219:837–851



BNF. Our results point towards the importance of

moisture as a driver of temporal variation in BNF in

interior Alaska. Stand type and associated changes in

moss abundance strongly influence spatial variations

in stand-level BNF. In this context, changes in climate

(e.g., change in precipitation regime) or patterns of

forest dominance are likely to significantly alter the

dynamics of BNF bymoss-cyanobacteria associations.

For example, increases in summer precipitation are

likely to increase BNF rates and contributions to N

budgets, while increases in birch forest cover would

reduce landscape-scale contribution of BNF to N

cycling.
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