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ABSTRACT

Biological soil crusts (biocrusts) naturally coexist and age. We found that biocrusts took
with vascular plants in many dryland ecosystems. 180 =+ 40 years to fully develop and that biocrusts
Although most studies of dryland biocrusts have became thicker and soil penetration resistance
been conducted in warm deserts, dryland biocrusts increased as they developed. The N-fixing lichen
also exist in the Arctic, where they may be an Stereocaulon sp. was found throughout the study
important source of nitrogen (N) and carbon (C) region at all stages of biocrust development. Nat-
to nutrient-limited environments. In Kangerlus- ural '°’N abundance suggests that Stereocaulon sp.
suaq, Greenland, wind-driven soil erosion has obtains about half of its N from biological fixation
created a heterogeneous landscape where bio- and that some biologically fixed N is incorporated
crusts dominate distinct patches of soil but are into the underlying soils over time. Although the
absent from the surrounding shrub and graminoid N and C concentrations of underlying soils in-
tundra. Prior to this study, little was known about creased slightly with biocrust development,
the physical development and nutrient cycling of nutrient concentrations under the most developed
west Greenland biocrusts and their role in main- biocrusts remained low compared to the sur-
taining landscape heterogeneity. We characterized rounding vegetated tundra. Our results suggest
the physical properties, lichen assemblages, and that biocrusts are a persistent feature and play an
nutrient concentrations of biocrusts and underly- important role in maintaining the high spatial
ing soils along gradients in biocrust development heterogeneity of the Kangerlussuaq terrestrial

landscape.
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HIGHLIGHTS

e Biocrusts in Greenland take roughly 200 years to
tully develop on eroded soils

e Biocrust lichens actively fix atmospheric nitro-
gen

e Soils underlying biocrusts remain nutrient poor
compared to the surrounding tundra

INTRODUCTION

Biological soil crusts (biocrusts) are assemblages of
cyanobacteria, green algae, lichens, and mosses
that can play important roles in ecosystem struc-
ture and function (Weber and others 2016b). In
many Arctic landscapes, biocrusts are often the first
to colonize exposed land after glacier retreat, and
they have been shown to facilitate primary suc-
cession (Breen and Levesque 2006, 2008; Bowker
2007; Yoshitake and others 2010). Biocrusts aid in
soil development by stabilizing the soil surface and
protecting fine-grained material from wind and
water erosion (Belnap and Biidel 2016). Biocrusts
can also increase the nutrient content of develop-
ing soils by fixing atmospheric nitrogen (N) and
carbon (C) (Evans and Lange 2003; Barger and
others 2016; Sancho and others 2016). In many
glacier foreland settings, as soils develop and suc-
cession proceeds, biocrust assemblages give way to
vascular plants (Breen and Levesque 2006; Bowker
2007; Yoshitake and others 2010).

However, in dryland and other high abiotic stress
ecosystems, biocrusts naturally coexist with vas-
cular plant communities in a dynamically
stable mosaic, in which biocrusts dominate certain
areas without ever giving way to plant communi-
ties (Bowker 2007). In these dryland settings,
where water and nutrients may be severely limited,
biocrusts may compete with vascular plants for
resources and inhibit plant growth (Bowker 2007).
Although dryland biocrust studies have focused
mostly on hot deserts (Weber and others 2016a),
dryland biocrusts also exist in the Arctic (Hansen
2001).

In the semiarid Kangerlussuaq region of West
Greenland, lichen-rich biocrusts have existed for at
least 230-800 years alongside shrub and graminoid
tundra (Heindel and others 2017a). This spatially
heterogeneous mosaic of biocrusts and vascular
plants has been established by wind-driven soil
deflation, which has removed distinct patches of
soil down to the underlying glacial till or bedrock.
These deflation patches, which range in size from

tens to hundreds of square meters, likely began
forming during the ‘Little Ice Age’ (AD 1350-1880)
when the climate was colder and more arid
(Heindel and others 2017a). Deflation patches
continue to expand today along their active mar-
gins, or “scarps’”’, which move across the landscape
when blocks of soil and vegetation are undercut
and collapse (Heindel and others 2018) (Figure 1).

Deflation patch expansion increases the potential
habitat for biocrusts. By colonizing these disturbed
areas and potentially limiting the establishment of
vascular plants, biocrusts may thus preserve the
existence of deflation patches and be critical in
maintaining the spatial heterogeneity of the
Kangerlussuaq landscape. Vegetation cover within
deflation patches ranges from 10 to 20% and is
predominately graminoid and herbaceous (Heindel
and others 2015). Given their estimated age and
plant composition, there are no clear signs of
deflation patches giving way to the surrounding
tundra, which is dominated by the deciduous
shrubs Betula nana and Salix glauca.

Previous studies have addressed biocrust N cycling
in glacier forelands and moist Arctic tundra (Breen
and Levesque 2006, 2008; Stewart and others 201 1a,
b). In these often N-limited ecosystems, atmospheric
N fixation can account for more than half of total N
inputs into the ecosystem, and biocrusts can be
responsible for much of that N fixation (Stewart and
others 2011a). For instance, in the poorly drained
hummock-hollow tundra around Daring Lake,
Northwest Territories, N fixation by biocrusts and
associated lichens and mosses contributed 50-70%
of total ecosystem N inputs (Stewart and others
2011a). In Kangerlussuaq, where precipitation is
low and soils are well drained and rarely saturated,
biocrust N fixation may also be an important source
of N to the ecosystem.

Determination of the natural abundance of
stable N isotopes (*’N and '*N) in biological mate-
rials and soils is a powerful tool to track N sources
and to reveal spatial and temporal patterns of N
cycling (Craine and others 2009). Different pools of
N, such as atmospheric N, inorganic soil N, and N
in plant tissue, may have different '>’N/'*N ratios
(expressed as 6'°N, or per mil '°’N enrichment rel-
ative to the atmosphere) due to biological and ki-
netic isotopic fractionation. Lichens with active
atmospheric N-fixing symbionts have been shown
to have a different 6'°N than lichens with only
green algae symbionts because their N comes from
different sources (Kobylinski and Fredeen 2015).
As a result, natural >N abundances have been
successfully used to quantify N inputs from bio-
crusts and N-fixing lichens (Russow and others



The Role of Greenland Biocrusts in Nitrogen Cycling 245

Figure 1. A Deflation patches are bounded on the uphill slope by an active margin, or scarp. B Deflation patches expand

when the scarp becomes undercut and collapses.

2005; Stewart and others 2011a; Kobylinski and
Fredeen 2015).

In this paper, we investigate the physical devel-
opment, lichen diversity, and nutrient cycling of
the dryland biocrusts in the Kangerlussuaq region.
First, we take advantage of the geomorphology of
deflation patches to quantify the rate of biocrust
development. Biocrusts close to the actively erod-
ing scarps are young and have only been develop-
ing for decades, whereas biocrusts near the centers
of deflation patches may have been developing for
hundreds of years. Second, we consider the role
that biocrusts play in nutrient cycling by analyzing
biocrust lichens and underlying soils for N and C
concentrations and §'°N. Although the biocrusts
studied here contain free-living cyanobacteria that
may also fix atmospheric N, we focus on lichens
because they dominate the well-developed bio-
crusts in this region. Characterizing the physical
development and nutrient concentrations of bio-
crusts and underlying soils may help explain why
deflation patches in the Kangerlussuaq region have
remained largely devoid of vegetation for hundreds
of years. In addition, our study of dryland biocrusts
adds an important dimension to our understanding
of the diversity of Arctic biocrusts.

METHODS
Regional Setting

The town of Kangerlussuaq is located at the head of
Sondre Stremfjord, roughly 120 km inland from
the southwest coast of Greenland. Our study area
extended from 2 km west of Kangerlussuaq to the
margin of the Greenland Ice Sheet (GrIS; Figure 2).
Kangerlussuaq has a continental climate, with a

mean summer temperature of 9.5°C, a mean win-
ter temperature of — 18.7°C, and a mean annual
precipitation of 250 mm water equivalent, all for
the period 1981-2011 (Hanna and others 2012;
Mernild and others 2015). A considerable climate
gradient exists across the study area, with colder air
temperatures and stronger katabatic winds at the
margin of the GrIS compared to the town of
Kangerlussuaq (Dijkmans and Tornqvist 1991;
Bullard and Austin 2011; Urbanowicz and others
2017). For instance, from mid-June to mid-July
2013, the mean air temperature was 11.37°C close
to the GrIS and 13.54°C close to the town of
Kangerlussuaq (Urbanowicz and others 2017). A
vegetation gradient exists as well; areas close to the
GrIS are characterized by steppe tundra, while
areas close to the town are dominated by the
deciduous shrubs Betula nana and Salix glauca
(Heindel and others 2015).

Deglaciation from the last glacial maximum oc-
curred in the Kangerlussuaq region about
7000 years ago (Ten Brink and Weidick 1974; Levy
and others 2012). Following deglaciation, soil
development in the Kangerlussuaq region has oc-
curred on a 30-cm to 1-m thick loess deposit that
mantles the region (Dijkmans and Tornqvist 1991).
Subsequent soil deflation has removed the loess
deposit down to the underlying glacial till or bed-
rock, creating a patchy mosaic of mixed shrub
tundra, bedrock, and biocrust-dominated deflation
patches.

Field Methods

To capture the vegetation and climate gradients
that exist between Kangerlussuaq and the GrIS, we
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I Greenland
Ice Sheet

Figure 2. Location map. Inset shows location of study region, and main panel shows the location of the five study sites

relative to the Greenland Ice Sheet.

established 5 sites between the town and the GrIS
(Figure 2). Sites are lettered from east to west, with
Site A located 1 km from the GrIS, and Site E lo-
cated 35 km from the GrIS. We selected sites to be
evenly spaced and to be relatively accessible by
road.

During the summer of 2014, we randomly se-
lected five deflation patches at each site. At each
deflation patch, we sampled the biocrust at four
locations along a transect perpendicular to the
scarp: directly below the scarp edge, at 1 m and 2 m
from the scarp edge, and at the center of the patch.
Due to the progressive expansion of deflation pat-
ches (Figure 1), each transect represents a
chronosequence of biocrust development. To sam-
ple, we removed an approximately 25 cm? square
of biocrust, including the soil that was naturally
attached to the biocrust. Samples were stored in
sterile Whirl-pak® sampling bags and kept frozen
during transport to Dartmouth College, where we
completed all laboratory analyses. Although sam-
ples were not kept structurally intact, we were still
able to separate the lichen-rich biocrusts from the
underlying soil after transport to the laboratory.

At each sampling location, we measured the
penetration resistance of the crust using a pocket
penetrometer, taking the average of three mea-
surements. On the samples we collected for labo-
ratory analyses, we measured the thickness of the
lichen-rich biocrust, which was visually distinct
from the underlying soil. In addition, we measured
the thickness of the underlying unit of cohesive soil

that naturally held together during sampling. For
both thicknesses, we took the average of three
measurements at each sampling location.

To address the possibility that biocrusts develop
at different rates across the five sites, we developed
a qualitative level of biocrust development (LOD)
independent from distance to the scarp and bio-
crust age (see below). We could not use the dis-
tance to the scarp for this purpose because we
know from previous work that deflation patches
expand at different rates, introducing a confound-
ing variable (Heindel and others 2017a). Our
qualitative biocrust LOD was based on the per-
centage of the ground surface that was covered in
visible biological material (Belnap and others
2008). Biocrust LOD ranged from 1 (no visible
biological material) to 5 (100 percent biological
material; Figure 3).

Biocrust Age

Where possible (5 deflation patches at Site A, 4 at
Sites B and C, 1 at Site D, and 3 at Site E), the
biocrust samples were paired with lichenometry
measurements. By assuming that Rhizocarpon spp.
lichens colonized bedrock and boulders at the same
time that the adjacent biocrust began developing,
the lichenometry measurements allowed us to as-
sign age estimates to the biocrust samples. Where
there were not enough Rhizocarpon spp. lichens
growing within deflation patches, we were unable
to assign age estimates to the biocrust samples.
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Figure 3. Biological soil crusts of increasing levels of
development: A LOD 1, B LOD 3, C LOD 5. Leatherman
pocketknife (12 ¢cm in length) for scale.

Lichenometry methods are described in detail in
Heindel and others (2017a), and the raw lichen
data are available for download from the Dryad
Digital Repository (Heindel and others 2017b). In
brief, along the transect perpendicular to the scarp
at each patch where we collected biocrust samples,
we also measured Rhizocarpon spp. lichen diameters
on adjacent boulders and bedrock. Using a Rhizo-
carpon growth curve specific to West Greenland

(Forman and others 2007), we converted lichen
diameters to exposure ages (the time when the
boulder was exposed by deflation). For each patch,
we modeled the relationship between the distance
from the scarp and exposure age. This linear rela-
tionship, which is unique for each patch, corre-
sponds to the rate of deflation patch expansion and
was used to assign age estimates to biocrust sam-
ples.

Lichen Diversity, Nutrient and 6'°N
Analyses

To analyze the biocrust samples, we first manually
separated the lichen-rich biocrust from the under-
lying mineral soil and then sorted the biocrust into
moss and lichens. For each sample, we counted li-
chen morphotypes for a rough estimate of lichen
diversity. Across all samples, and using some
additional specimens collected outside of the sam-
pling areas, we identified as many biocrust lichen
genera and species as possible (Brodo and others
2001).

We separated the lichens into known N-fixing
species and non-N-fixing species for total N and '°N
abundance analyses. We gently washed the lichens
with DI water to clean them of all remaining soil
and dried and ground them into a fine powder for
analyses.

We sieved the underlying soil samples to less
than 2 mm, removing by hand any remaining or-
ganic material. We ground the soil samples and
analyzed them at Dartmouth College for C and N
concentrations on a Carlo Erba NA 1500 elemental
analyzer (Carlo Erba Instruments, Milan, Italy). A
subset of the soil samples and all lichen samples
were sent to the University of California Davis
Stable Isotope Facility, where the natural abun-
dance of '’N was determined on a PDZ Europa
ANCA-GSL elemental analyzer interfaced to a PDZ
Europa 20-20 isotope ratio mass spectrometer
(Seron Ltd., Cheshire, UK). Variations in 15N
abundance are reported in é notation:

5sample(%o) = (Rsample/Rstandard - 1) * 1000

where Ryample is the ’N/'*N ratio of the sample and
Rstandara is the ">N/'N ratio of atmospheric N».

Statistical Analyses

To test whether the rate of biocrust development
varied by site, we ran an analysis of covariance
(ANCOVA) with LOD as the response variable and
age, site, and the interaction between the two as
explanatory variables. To analyze the physical
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development of the biocrusts, we used ANCOVAs
with penetration resistance, biocrust thickness, and
the thickness of the underlying cohesive soil as
response variables and site and LOD as explanatory
variables.

After separating lichens into N-fixing species and
non-N-fixing species, we used two tests to charac-
terize lichen diversity. To look at spatial patterns in
the presence of N-fixing species, we used a Cochran
Armitage Trend Test. This test is used when the
response variable has two levels (presence and
absence of N-fixing lichens), and the explanatory
variable (site) is ordinal (ordered by proximity to
the GrlIS). In addition, we used an ANCOVA to test
whether site, the presence of N-fixing lichens, and
LOD were important factors in determining lichen
diversity.

For our analyses of lichen and soil nutrients, we
used ANCOVAs to explain variation in %C, %N,
C:N, and 6'°N. For lichen samples, the explanatory
variables were site, LOD, and lichen type (N-fixing
vs. non-N-fixing). Similarly, for soil samples, the
explanatory variables were site, LOD, and the
presence of N-fixing lichens.

REsuLTs
Biocrust Age and Rate of Development

At all sites, biocrust level of development (LOD)
increased with distance from the scarp and with
estimated biocrust age (Figure 4). To estimate the
time for biocrust development across the region,
we averaged the age of fully developed (LOD 5)
biocrusts at all 5 sites, giving us an estimate of
180 £ 40 (mean = standard error) years for bio-
crusts to fully develop. The increase in visible bio-
logical material (our metric for biocrust
development) did not have a linear relationship
with biocrust age. Although we estimate that it
takes 47 + 7 years for biocrusts to cover 50 percent
of the soil surface (LOD 3), it takes another
135 years for full biocrust coverage (LOD 5).

For a given distance from the scarp and age,
biocrust LOD varied by site, suggesting differences
in the rate of biocrust development (Figure 4). The
ANCOVA with LOD as the response variable and
age, site, and the interaction between the two as
explanatory variables showed that all three were
significant (P <0.05). Using a Tukey HSD test, we
found that biocrusts at Site A (closest to the GrIS)
took significantly longer to develop than biocrusts
at Sites B and E, whereas crusts at Sites C and D
had intermediate rates of development.
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Figure 4. A Biocrust level of development versus
distance from the scarp, separated by site. B Biocrust
level of development versus biocrust age, separated by
site. Error bars are plus and minus one standard error.

Biocrust Physical Characteristics

Penetration resistance, biocrust thickness, and the
thickness of cohesive soil attached to the biocrust
all tended to increase with biocrust development
(Figure 5). Penetration resistance ranged from 0
to 4 kg cm %, and LOD and site were both sig-
nificant in explaining the variance using an AN-
COVA. Penetration resistance increased with
increasing LOD (Figure 5A), and using a Tukey
HSD test, Site E (farthest from the GrIS) had
significantly ~ higher = penetration  resistance
(1.6 £ 0.1 kgcm %) than Sites A and B
(0.8 £ 0.1, 1.0 £ 0.1 kg cm ™2, respectively). Bio-
crust thickness ranged from 0.1 to 2 cm and
varied significantly by site but not by LOD (Fig-
ure 5B). Site B had significantly thicker biocrusts
(1.2 £ 0.1 cm) than Sites D and E (0.6 £ 0.1,
0.6 £ 0.2 cm, respectively). The thickness of
cohesive soil attached to the biocrust ranged from
1 to 5 cm and varied significantly by LOD. LOD 2
had a significantly smaller thickness of attached
soil than LODs 4 and 5 (Figure 5C).
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Figure 5. A Penetration resistance versus biocrust level
of development. B Biocrust thickness versus level of
development. C Thickness of cohesive soil versus level of
development. Error bars are plus and minus one standard
error. Letters show significant differences from Tukey
HSD tests.

Lichen Diversity

Lichen diversity ranged from 0 to 10 morphotypes
in our 25 cm? surface samples. Across all sites, we
identified 13 biocrust lichens to the species level, as
well as four lichen genera that were too immature
to identify further (Table 1). The only lichen we
identified with a known N-fixing symbiont was the
tripartite Stereocaulon sp., which was present at all

sites. There was a significant trend in the presence
of Stereocaulon sp. across sites (Cochran Armitage
Trend Test, P = 0.006), with more samples con-
taining Stereocaulon sp. at Site A, proximal to the
GrIS (81% of samples), than at Site E (50%).

Lichen diversity increased with biocrust LOD and
with the presence of N-fixing lichens (Stereocaulon
sp.) but did not vary by site. On average, biocrusts
with LOD 1 had 1.6 £ 0.7 lichen morphotypes,
whereas biocrusts with LOD 5 had 5.1 + 0.4 mor-
photypes. Results of the ANCOVA (R*=0.71)
showed that variance in lichen diversity was ex-
plained (P < 0.0001) by biocrust LOD (36% of
variance) and the presence of N-fixing lichens
(30% of variance), with higher lichen diversity
where N-fixing lichens were present.

Lichen N Fixation

All lichen samples, including both N-fixing and
non-N-fixing lichens, were depleted in '°N relative
to atmospheric N, (6'°N = 0%,), with individual
samples ranging from — 0.38 to — 6.879,,. There
was a significant difference between the 6'°N of
presumed N-fixing lichens and non-N-fixing li-
chens (P < 0.0001), with N-fixing lichens having a
0"°N closer to the atmosphere (— 1.56 & 0.09%,)
than non-N-fixing lichens (— 2.93 £ 0.199,,, Fig-
ure 6A). The ANCOVA (R? = 0.35) with 6'°N as the
response variable showed that lichen type was the
only significant effect, explaining 31% of the total
variance in lichen 6'°N. Site and biocrust LOD were
not significant explanatory variables.

Although the ANCOVA for lichen N concentra-
tion was not significant, N-fixing lichens generally
had higher % N (1.23 £ 0.04%) than non-N-fixing
lichens (1.00 £ 0.08%).

Soil Nutrients

Carbon and N concentrations (% dry weight) in
soils underlying biocrusts showed increasing trends
with increasing LOD (Figure 7A, B). However, the
ANCOVA (R* = 0.58) with %C as the response
variable revealed that site was the only significant
explanatory variable (P < 0.0001), explaining
55% of the total variance. Using a Tukey HSD test,
biocrust samples at Site D had significantly higher
%C than samples from all other sites. Sites B, C,
and E had intermediate soil %C, and Site A had the
lowest %C (Table 2). Soil N increased with LOD
(ANCOVA R® = 0.63) with marginal significance
(P = 0.06; Figure 7B). Site was also a significant
effect for soil N; a Tukey HSD test showed that Site
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Table 1. List of Biocrust Lichen Species Identified Across All Sites (Brodo and others 2001)

Genus Species Authority Type Prevalence N-fixing
Arthrorhaphis Th. Fr. Crustose Common
Bryoria fuscescens (Gyelnik) Brodo & D. Hawksw.  Fruticose Common
Candelariella Mill. Arg. Crustose Common
Cetraria muricata (Ach.) Eckfeldt Fruticose Common
Cladonia pyxidata (L.) Hoffm. Fruticose Common
Diploschistes muscorum (Scop.) R. Sant. Crustose Common
Flavocetraria cucullata (Bellardi) Karnefelt & Thell Fruticose Common
Flavocetraria nivalis (L.) Karnefelt & Thell Fruticose Common
Fulgensia A. Massal. & De Not. Crustose Common
Lecidella wulfenii (Hepp) Korber Crustose Common
Phaeorrhiza sareptana (Tomin) H. Mayrh. Crustose Common
Physconia muscigena (Ach.) Poelt Foliose Common
Pseudephebe pubescens (L.) M. Choisy Fruticose Rare
Psora rubiformis (Ach.) Hook. Squamulose = Common
Sphaerophorus  fragilis (L.) Pers. Fruticose Rare
Stereocaulon Hoftm. Fruticose Common X
Thamnolia vermicularis var. subuliformis ~ Asah. Fruticose Common
-1{(A) D had higher %N than all other sites (Table 2). The
% % presence of N-fixing lichens was not a significant
} ; explanatory variable for either %C or %N in
= o/ underlying soils.
g Lichen As biocrusts developed, %N increased more sig-
k=2 % :N—ﬁxi_"s nificantly than %C, resulting in a decrease in the
£ 5l % + non-xng C:N ratio. The C:N ratio of soils underlying bio-
© crusts showed a decreasing trend with increasing
LOD (Figure 7C), with LOD 1 averaging 15.6 + 0.8
4l and LOD 5 averaging 12.1 &+ 0.5. The ANCOVA
T S < 5 T (R* = 0.36) for soil C:N ratio confirmed that LOD
Site was a significant explanatory variable (P < 0.001).
Site was also a significant explanatory variable but
6+(B) showed no pattern with distance from the GrIS
+ (Table 2).
. A Soils underlying the biocrusts were enriched in
T . 15N relative to the atmosphere, with individual soil
o 4 Soil Type . 15
g ® N—fixers samples ranging from 0.75 to 7.099,. The 6°°N of
= % A no N-fixers underlying soils became less enriched as LOD in-
o : % creased with marginal significance (P = 0.08; Fig-
5 ure 7D). Soil 6'°N and the presence of N-fixing
lichens were also related (ANCOVA R? = 0.52),
| i j | i with the presence of N-fixing lichens explaining
E D c B A 9% of the variance in soil 5'°N. Soils with N-fixing

Site

Figure 6. A Nitrogen isotope results for lichens,
separated into lichens that are known to fix N and
those that do not fix N. B Nitrogen isotope results for
soils, separated into soil samples with N-fixing lichens
present and soil samples with no N-fixing lichens
present. Error bars are plus and minus one standard
error.

lichens had lower §'°N values (2.95 + 0.239%,) than
soils without N-fixing lichens (4.34 £ 0.259,,, Fig-
ure 6B). In addition, the §'°N of underlying soils
varied significantly by site. Accounting for the ef-
fects of the other explanatory variables, the AN-
COVA and Tukey HSD tests showed that Site D had
significantly lower 6'°N than Site E, with all other
sites intermediate (Table 2).
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Figure 7. Nutrient results for soils underlying biocrusts of increasing levels of development (LOD): A %C, B %N, C C:N,
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Table 2. C and N Concentrations and Isotopes for Soils by Site

Site C (%) N (%) C:N SN (%)

A (close to GrIS) 0.51 + 0.15 (a) 0.04 + 0.01 (a) 13.07 + 0.46 (a) 2.98 + 0.58 (ab)
B 0.99 =+ 0.20 (a) 0.07 £ 0.01 (a) 14.43 £ 0.50 (b) 2.92 £ 0.74 (ab)
C 0.71 £ 0.19 (a) 0.05 £ 0.01 (a) 14.07 + 0.50 (ab) 4.53 + 0.68 (ab)
D 1.76 4+ 0.21 (b) 0.13 %+ 0.01 (b) 13.34 =+ 0.49 (ab) 3.10 + 0.79 (a)
E (far from GrIS) 0.90 =+ 0.20 (a) 0.07 £ 0.01 (a) 12.33 £ 0.41 (a) 4.37 £ 0.74 (b)

Results are reported as mean plus and minus one standard error. Parenthetical letters denote significant differences among sites, using a Tukey HSD test.

DiscussioN
Biocrust Development

The estimate of 180 + 40 years for the develop-
ment of a lichen-rich biocrust falls within the wide
published range of 4-15 to 100-2000 years (Weber
and others 2016a). This estimate refers roughly to
the amount of time it takes for visible biological
material to completely cover the ground surface; it
does not refer to the age of the deflation patch it-
self. Deflation patches in the Kangerlussuaq region
are approximately 230-800 years old (Heindel and
others 2017a). The biocrusts farthest from the

scarp, which we did not sample for this study, may
be as old as the deflation patch itself.

Our results support previous findings that bio-
crust development and recovery tend to be slower
at sites with low precipitation, coarse-grained sub-
strates, and high disturbance intensity (Belnap and
Eldridge 2003; Weber and others 2016a). We found
the lowest rate of biocrust development at the site
closest to the GrIS (Site A), where air temperatures
are coldest (Urbanowicz and others 2017), kata-
batic winds are strongest (Bullard and Austin
2011), relative humidity is low (Kopec and others
2014), and we have observed more coarse-grained
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sediment within deflation patches. Slow biocrust
development may allow more soil deflation to oc-
cur before biocrusts are able to trap fine-grained
sediment. At sites far from the GrIS, biocrusts may
be able to develop more quickly on the loess de-
posit, preventing deflation from completely
removing the fine-grained sediment down to the
underlying glacial till or bedrock.

We found that biocrust thickness, soil cohesion,
and penetration resistance increased as the biocrust
developed. Over time, biocrusts provide greater soil
stability (Thomas and Dougill 2007; Belnap and
Biidel 2016), limiting additional wind erosion.
Active soil deflation is thus mainly confined to the
scarp (Heindel and others 2018), where biocrusts
have yet to develop and loess is still directly ex-
posed to the wind. At the same time that biocrusts
stabilize the soil surface from erosion, they may
also limit water infiltration and seedling germina-
tion and growth (Deines and others 2007; Lang-
hans and others 2009; Zhang and Nie 2011). To
consider the possible impact of biocrust develop-
ment on water infiltration, during the summer of
2016 we opportunistically measured volumetric
soil moisture at a depth of 10 cm using a ThetaP-
robe (ML2X, Delta-T Devices, Cambridge, England)
at Sites B-E. We found that although soil moisture
was low everywhere, soil moisture tended to de-
crease with biocrust development (3.1 &+ 0.2%
under LOD 1 crusts, 1.8 £ 0.2% under LOD 5
crusts). Although these are preliminary data, they
suggest that biocrust development may limit the
infiltration of water into the underlying soils, less-
ening the quality of this habitat for plant estab-
lishment.

Although we do not have direct data on the
interaction between biocrusts and vascular plants,
we do know from remote sensing and ground
surveys that deflation patches are only 10-20%
vegetated, compared to the fully vegetated sur-
rounding tundra (Heindel and others 2015).
Deflation patches close to the GrIS tend to have
lower vegetation cover than deflation patches far
from the GrIS (Heindel and others 2015). It is un-
clear whether this pattern in vegetation cover is
due to an interaction with biocrusts, or whether
the conditions that promote biocrust development
also promote the establishment of vascular plants.
Plant communities within deflation patches are not
the same as the plant communities outside of
deflation patches. Although herbaceous species
make up 10% of the vegetation cover outside of
deflation patches, they account for 25-40% of the
vegetation cover within deflation patches, even on
deflated surfaces that are hundreds of years old

(Heindel, unpublished data). Further work is nee-
ded to determine the direct effect of biocrusts on
vascular plants, but it is clear that biocrusted areas
are persistently lower in biomass and different in
plant community than the surrounding tundra.

Lichen Diversity and N Fixation

Four of the 13 biocrust lichens that we identified to
the species level (C. pyxidata, L. wulfenii, P. pub-
escens, and S. fragilis) are lacking from the most
recent published list of lichens from the Kanger-
lussuaq area (Hansen 2000). The crustose L. wul-
fenii likely plays an important role in soil
stabilization, due to the branching morphology of
its dense rhizines, which anchor the lichen to the
soil substrate and bind the soil together. The bio-
crust lichen assemblage that we identified is most
similar to the assemblage identified by Hansen
(2001) as growing within steppe-like vegetation
dominated by sedges and grasses. However, Hansen
(2001) did not differentiate between lichens
growing together with graminoid species and those
growing as part of biocrusts on bare ground. The
biocrust lichen assemblages that we identified did
not vary greatly within or among sites, other than
the result that Stereocaulon sp. is more common
closer to the GrIS.

Our finding of increased lichen diversity with
biocrust development has been reported in other
systems where biocrust development follows a
successional pattern with cyanobacterial crusts
giving way to lichen or moss crusts over time
(Weber and others 2016a). For instance, on dune
surfaces in Germany, cyanobacterial crusts domi-
nate along the tops of dunes where disturbances
are frequent, while moss crusts dominate only at
the bases of dunes where there has been sufficient
time for crust development (Brankatschk and oth-
ers 2013). Similarly, in Northern China, along a
gradient from mobile to stabilized dunes, moss
crusts exist only on the most stabilized dune sys-
tems, whereas algae crusts are found on the mobile
dunes (Guo and others 2008). Because deflation
patches persist for hundreds of years, they may
become hotspots of lichen diversity as biocrusts
develop without disturbance or competition from
vascular plants. The fact that deflation patches re-
main part of a dynamically stable mosaic allows the
development of a rich assemblage of lichen species
that does not exist in the surrounding mixed shrub
tundra.

Of the species we identified Stereocaulon sp. is the
only lichen with the capacity to fix atmospheric N».
Stereocaulon spp. are tripartite lichens, with green



The Role of Greenland Biocrusts in Nitrogen Cycling 253

algae as the main photobiont and N-fixing
cyanobacteria housed in cephalodia (Brodo and
others 2001). In many Arctic and Antarctic degla-
ciated forelands and recently disturbed areas,
Stereocaulon spp. are frequently found as part of
early successional communities (Line 1992; Ste-
wart and others 2011a). For instance, on the sub-
Antarctic Macquarie Island, Stereocaulon sp. was
commonly found on dry rocky habitats and was
shown to have a significant role in N cycling on the
plateau regions of the island (Line 1992).

We found consistently depleted §'°N values in
lichens, likely due to the depleted values of N
compounds in rainfall and dry deposition (Ellis and
others 2003; Beck and Mayr 2012; Kobylinski and
Fredeen 2015). The clear separation that we ob-
served between the 6'°N values of non-N-fixing
lichens and underlying soils suggests that these li-
chens obtain N predominantly from atmospheric N
deposition rather than from the soil substrate (Ellis
and others 2003; Oulehle and others 2016). N-
fixing lichens, on the other hand, can obtain N
through both biological N fixation and atmospheric
N deposition, shifting their 6'°N value closer to the
atmospheric value of 09,.

If we assume that non-N-fixing lichens rely so-
lely on atmospheric deposition for their N supply,
we can estimate the percentage of N that the N-
fixing lichen Stereocaulon sp. obtains through bio-
logical N fixation (Russow and others 2005). Fol-
lowing the natural '’N abundance method (see
Russow and others 2005), we compared the §'°N of
Stereocaulon sp. with that of non-N-fixing lichens to
estimate that Stereocaulon sp. obtains roughly half of
its N from biological N fixation. This estimate as-
sumes no significant fractionation during biological
N fixation (Shearer and Kohl 1986; Evans and
Ehleringer 1993). Although this estimate highlights
the importance of biological N fixation for this
species, additional work is needed to quantify
ecosystem N inputs through biocrust N fixation.

Soil Nutrients

Soils underlying highly developed biocrusts had
slightly higher C and N concentrations compared to
soils underlying poorly developed biocrusts, a pat-
tern that has been found in prior studies (Evans
and Lange 2003; Barger and others 2016; Sancho
and others 2016). The increase was more pro-
nounced with N than C, creating lower soil C:N
ratios. Our soil 6'°N results suggest that a possible
source of this additional soil N is from biological N
fixation, either released from N-fixing lichens or
from free-living cyanobacteria found in these soils.

Although free-living cyanobacteria are known to
readily transfer fixed N to soils, lichens may only
release fixed N during rainfall or freeze-thaw
events (Rousk and others 2016). Our results sug-
gest that in the Kangerlussuaq biocrusts, Stereo-
caulon sp. is able to retain most of its fixed N and C,
as we found no difference in the %N and %C of
soils underlying biocrusts with and without Stereo-
caulon sp. Instead, free-living cyanobacteria may
contribute to the enrichment of soil nutrients as the
biocrust develops, but additional work is needed to
understand how N is transferred from the biocrusts
into the underlying soils.

Soil C and N concentrations also varied signifi-
cantly by site, but the differences did not follow a
clear trend with distance from the GrIS. Instead,
Site D was consistently different from the other
sites, with higher C and N concentrations and
lower 6'°N. Site D is located at an intermediate
distance from the GrIS and is not markedly differ-
ent from neighboring sites in aspect, elevation, or
exposure to winds. However, many deflation pat-
ches at Site D looked inactive, with highly devel-
oped biocrusts growing up the scarps. It could be
that biocrusts at Site D are on average older than
biocrusts at the other sites. Due to the lack of Rhi-
zocarpon spp., we were only able to estimate biocrust
age at one deflation patch at Site D.

Despite evidence of N fixation by lichens, the
nutrient concentrations of soils underlying bio-
crusts are still very low compared to soils outside of
deflation patches where the soil organic horizon
remains intact. In surface soils underlying undis-
turbed vegetated tundra, the average C concen-
tration is roughly 10% (Bradley-Cook and Virginia
2016). Deflation patch soils underlying highly
developed biocrusts are an order of magnitude
lower in C concentration, with only 1.2% C on
average. Any future increase in soil nutrient con-
centrations is likely to be a very slow process and
one that could be set back or interrupted by
changes in climate or disturbance by animals and
humans.

The slow accumulation of nutrients in soils
underlying biocrusts may be one factor that con-
tributes to the persistence of deflation patches on
the Kangerlussuaq landscape for hundreds of years.
These biocrust-dominated landforms, originally
created by wind-driven soil erosion, provide habitat
for rich lichen assemblages and become part of the
dynamically stable mosaic of bedrock, biocrusts,
and plant communities that characterizes the
Kangerlussuaq landscape. In the future, climate
change may have the potential to disrupt this sta-
bility. Although temperatures are clearly increasing
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in the Kangerlussuaq region (Hanna and others
2012), increasing precipitation trends are currently
insignificant due to high interannual variability in
precipitation amount (Mernild and others 2015).
Elsewhere, experimental warming and rainfall
manipulations have resulted in significant changes
to biocrust communities, often reducing the lichen
coverage and diversity (Ladréon de Guevara and
others 2014; Ferrenberg and others 2015). In the
Kangerlussuaq region, increased soil moisture may
favor the revegetation of deflation patches by vas-
cular plants (Anderson and others 2017), but the
future balance between precipitation and evapo-
transpiration, and the effect of a changing climate
on biocrust function and diversity are poorly con-
strained.

CoONCLUSIONS

The lichen-rich biocrusts of Kangerlussuaq,
Greenland, play an important role in maintaining
landscape heterogeneity. First, wind erosion dis-
turbs the soil and plant cover, exposing nutrient-
poor loess and glacial till. After this wind-driven
soil deflation occurs, biocrusts progressively colo-
nize the exposed surface, taking nearly 200 years to
fully develop. As the biocrust develops, the thick-
ness and penetration resistance increase, poten-
tially impeding the germination and establishment
of seedlings. Although soil C and N concentrations
increase as biocrusts develop, the rate of N
enrichment below biocrusts is very slow, and soil C
and N concentrations within deflation patches re-
main an order of magnitude lower than nutrient
concentrations outside of deflation patches. Our
results suggest that deflation patches, triggered by
long-term variations in climate, may remain a
stable part of the Kangerlussuaq landscape for
hundreds to thousands of years, maintaining a
dynamic mosaic of vegetated tundra, bedrock, and
biocrusts. However, if future climate change in the
Arctic favors greater primary production, and the
rate of soil deflation declines, then the productivity
of the Kangerlussuaq tundra could increase,
favoring a transition to a more vegetated and
shrub-dominated landscape.
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