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ABSTRACT

Carbon cycle perturbations in high-latitude ecosys-
tems associated with rapid warming can have
implications for the global climate. Belowground
biomass is an important component of the carbon
cycle in these ecosystems, with, on average, signifi-
cantly more vegetation biomass belowground than
aboveground. Large quantities of dead root biomass
are also in these ecosystems owing to slow decom-
position rates. Current understanding of how live
and dead root biomass carbon pools vary across high-
latitude ecosystems and the environmental condi-
tions associated with this variation is limited due to
the labor- and time-intensive nature of data collec-
tion. To that end, we examined patterns and factors
(abiotic and biotic) associated with the variation in
live and dead fine root biomass (FRB) and FRB car-
bon (C), nitrogen (N) and phosphorus concentra-
tions for 23 sites across a latitudinal gradient in
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Alaska, spanning both boreal forest and tundra
biomes. We found no difference in the live or dead
FRB variables between these biomes, despite large
differences in predominant vegetation types, except
for significantly higher live FRB C:N ratios in boreal
sites. Soil C:N ratio, moisture, and temperature,
along with moss cover, explained a substantial por-
tion of the dead:live FRB ratio variability across sites.
We find all these factors have negative relationships
with dead FRB, while having positive or no rela-
tionship with live FRB. This work demonstrates that
FRB does not necessarily correlate with above-
ground vegetation characteristics, and it highlights
the need for finer-scale measurements of abiotic and
biotic factors to understand FRB landscape variabil-
ity now and into the future.

Key words: Fine roots; Boreal; Tundra; Below-
ground biomass; Decomposition; Carbon.

HIGHLIGHTS

e Site-level characterization of live and dead fine
root biomass.
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e Sampling across a gradient of ecosystems and
climate conditions.

e Microenvironment explains fine root biomass
dynamics better than biome type.

INTRODUCTION

The Arctic is experiencing amplified climate
warming that is likely to continue into the future
(Chapin and others 2005; Serreze and Barry 2011;
Graham and others 2017; Box and others 2019).
The resulting changes in ecosystem carbon (C) cy-
cling can impact the global C cycle, potentially
creating a positive feedback to climate change
(Abbott and others 2016). C stored in soils is par-
ticularly important, as it constitutes a substantial
portion of total ecosystem C stocks in high-latitude
ecosystems. Nearly 50% of the global soil organic C
(SOC) pool is found in Arctic tundra and boreal
forest ecosystems (Hobbie and Chapin 1998; Jack-
son and others 2017), where it is held in perenni-
ally frozen permafrost soils (Hugelius and others
2014) and seasonally thawed surficial soil layers
(that is, active layer). The fate of SOC in the active
layer with continued climate warming remains
unresolved, owing largely to uncertainties sur-
rounding belowground biomass dynamics (Iversen
and others 2015; Blume-Werry and others 2016).

Belowground biomass contributes to the in-
tegrity of active layer SOC stocks and comprises
about 80% of vegetative biomass in tundra
ecosystems (Iversen and others 2015; Blume-
Werry and others 2017b). As such, belowground
biomass will play an important role in determining
the strength of Arctic carbon cycle perturbations
with climate warming. Despite this, the majority of
research focused on vegetation influence on
changing regional C dynamics has dealt primarily
with the effects of aboveground vegetation change,
particularly associated with northward tree and
shrub expansion (Beck and Goetz 2011; Beck and
others 2011; Raynolds and others 2012; Pearson
and others 2013; Berner and others 2018). Changes
in aboveground vegetation do not always reflect
changes in belowground vegetation, with docu-
mented differences in phenology, growth, decom-
position, and biomass (Iversen and others 2015;
Blume-Werry and others 2016, 2017b, 2017a;
Sloan and others 2016; McLaren and others 2017).

Root biomass in tundra and boreal ecosystems
has the potential to act as a C source and/or sink
depending on ecological and climatic conditions
that influence the ratio of dead to live root biomass
(Segal and Sullivan 2014; Iversen and others 2015).

Increases in root growth with deeper seasonally
thawed active layers, and warmer, longer growing
seasons enhance belowground biomass C pools
(Kane and others 1991; Rustad and others 2001;
Blume-Werry and others 2016). However, below-
ground biomass interacts with the organic soil
layer, composed of organic material from dead
plants and/or animals in varying states of decom-
position. In these ecosystems, dead plant biomass
can remain in the soil for long time periods since
decomposition rates are slow, storing C in the or-
ganic layer (Robinson and others 1999; Tarnocai
and others 2009; Freschet and others 2013; Segal
and Sullivan 2014). Climate warming will alter root
biomass contributions to SOC, but this may vary
with biome, as these biomes vary in turnover time
and decomposition rates (Wookey and others 2009;
Blume-Werry and others 2016). Decomposition
rates are expected to generally increase, as micro-
bial activity and growing season length increase
with warming (Mack and others 2004). Increased
decomposition will act as a C source (Rustad and
others 2001), and the encroachment of shrub and/
or trees into graminoid-dominated tundra can
prime the decomposition of old SOM, leading to
the release of C (Hartley and others 2012; Parker
and others 2015; Street and others 2020). Both of
these processes may or may not be offset by vege-
tation growth (Rustad and others 2001; Hartley and
others 2012; Parker and others 2015; Street and
others 2020). Therefore, understanding differences
in dead and live root biomass dynamics between
boreal and tundra biomes, and how they vary
across the landscape is necessary to understand
how ecological change will affect regional C cycling
(Nadelhoffer and others 2002).

Both boreal and tundra biomes store a significant
portion of the global SOC stock (Hobbie and Cha-
pin 1998; Jackson and others 2017). However,
these biomes are composed of wvastly different
vegetation types with large differences in above-
ground biomass and C:N ratios driven by differ-
ences in woody biomass (Thompson and others
2004). Understanding SOC now and into the future
is further complicated by different plant functional
types even within these biome types (deciduous
versus evergreen boreal forests or shrub versus
graminoid tundra; Welp and others 2007; Laga-
niere and others 2013; Chadburn and others 2017).
North American boreal forests are dominated by
trees with relatively deep rooting zones, whereas
tundra vegetation is comprised largely of grami-
noids and low shrubs with shallower root zones
and greater vegetation seasonality (Bonan and
others 1995; Jackson and others 1996). These dis-
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tinctions in aboveground biomass and vegetation
structure drive differences in ecosystem function,
such as surface energy exchange, overall vegetative
biomass, litter input amounts and composition, and
decomposition rates, between these two biomes
(Apps and others 1993; Bonan and others 1995;
Sloan and others 2013, 2016). Comprehensive site-
level belowground sampling across large spatial
scales is difficult because it is both time and labor
intensive (Metcalfe and others 2007; Sloan and
others 2013; Iversen and others 2015). This has
limited our ability to determine (1) whether there
are significant differences in fine root biomass and
root characteristics between boreal and tundra
biomes and (2) whether those differences con-
tribute to variability in belowground processes be-
tween these biomes.

Fine root biomass (roots 2 mm or less in diame-
ter) dynamics are particularly influential to
understanding belowground processes because fine
roots are relatively fast growing and more reflective
of climate than longer-lived coarse roots with
slower turnover times (Blume-Werry and others
2017b). Fine roots are centers for nutrient and
water absorption and may experience fast turnover
rates (Silver and Miya 2001; Rasse and others 2005;
Clemmensen and others 2013). Fine roots are
associated with higher respiration rates and lower
concentrations of total non-structural carbohy-
drates and cellulose (Matamala and others 2003;
Makita and others 2012; McCormack and others
2015), creating the potential of fine roots to sig-
nificantly contribute to decomposition and C cycle
dynamics. The relatively high degree of uncertainty
surrounding root biomass responses to climatic
change is largely driven by challenges associated
with collecting data in these remote regions and the
subsequent paucity of data (Iversen and others
2015).

Root biomass contributes to a larger proportion
of the overall vegetation biomass in Arctic ecosys-
tems in comparison with temperate and tropical
ecosystems (Blume-Werry and others 2016). De-
spite their outsized role, there are few robust esti-
mates of the proportion of this root biomass that is
alive and functioning (Iversen and others 2015).
The dead:live root biomass ratio gives estimates not
only of what portion of the root mass is functioning
(live) but also provides insight into how quickly
roots decompose relative to how quickly roots are
growing. Previous estimates from high-latitude
ecosystems suggest lower turnover rates in roots
(0.10-0.20 year™') compared to leaf turnover rates
(0.55-0.90 year™'; Sloan and others 2013). This
relative decomposition to growth rate estimate

provides insight to whether this C pool could be-
come an overall C source (high decomposition
rates) or C sink (high growth rates). Root biomass
can influence northern high-latitude terrestrial C
dynamics and associated climate feedbacks, but the
patterns of geographic variation in root biomass
across biomes are relatively poorly understood,
especially in comparison with aboveground bio-
mass. However, there is evidence that root biomass
increases linearly with leaf area index (leaf area per
unit of ground area) up to LAI = 1 m* m~? in some
high-latitude ecosystems (Sloan and others 2013).
Here, we characterize patterns variation in root
biomass and associated environmental conditions
for 23 sites across a latitudinal gradient in Alaska
using observations of fine root biomass (FRB) along
with key abiotic and biotic factors. We ask: (1) how
do FRB characteristics (mass and nutrient concen-
trations) vary across and within two Alaskan
biomes—tundra and boreal forest? (2) What abiotic
and/or biotic factors explain variability in FRB?
Given the overall larger vegetation biomass values
in boreal forests, we predict higher FRB in this
biome compared to the tundra. We hypothesized
that the C:N ratio of both live and dead FRB would
be higher in boreal forest because of the higher
proportion of woody biomass in boreal forests
compared to the tundra. As such, we expected
higher variation in FRB characteristics between
biomes than within biomes, and that variability in
abiotic and biotic conditions that were likely to
influence decomposition and growth rates of FRB
(temperature, soil moisture, vegetation type, thaw
depth, and so on) would explain within biome
variability. For example, higher aboveground bio-
mass and warmer soils may be associated with
higher live FRB, whereas observations of water
limitation in tundra ecosystems (Eugster and others
2000) suggest that soil moisture may limit live FRB
abundance and decomposition of dead FRB.

METHODS
Study Sites

We collected soils at 23 sites along a latitudinal
gradient throughout Interior Alaska, the Arctic
North Slope and Coastal Western Alaska (Figure 1)
during July and August 2015 to quantify FRB in
tundra and boreal forest biomes of Alaska (Ta-
ble 1). To have access to soil temperature data, the
sites were selected based on the location of existing
permafrost boreholes across Alaska (GTN-P 2015).
Several sites were located in close proximity, which
controlled for geological and climatic differences
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Figure 1. Map of 23 sites in interior, northern, and coastal Alaska. Black circles denote boreal forest sites, and gray circles
denote tundra sites. Tundra sites in the inset (A) overlap significantly and were slightly jittered for visual purposes.

among sites, allowing differences in vegetation
biomass and type to be attributed to the proximal
ecosystem characteristics.

Field Sampling

Three organic soil samples were taken from each of
the 23 sites (n =69 total cores) along a 28 m
transect that was laid with the borehole located
near the center of the transect. Sampling began at
the 0 m mark and moved 14 m to the east for each
additional sample. Soil samples were cut from the
ground to an approximate size of 10 cm x 10 cm
using a serrated knife. We collected soils to the
depth of frozen ground at the time of sampling
(20.6 £ 6.6 cm), which was not the full active
layer depth (20.7 4+ 8.7 cm) and does not represent
total FRB but rather FRB at peak growing season
from early July to mid-August. Tundra sites were

generally sampled later in the growing season with
the exception of four boreal sites (sites 1-3 and 6;
Table 1). Root biomass was normalized to 10 cm
depth to compare across sites. We removed all
green living plant biomass, such as mosses, from
the sample. Samples that could not be processed
immediately were frozen.

Other site variables used in this study include
aboveground vegetation cover and biomass, or-
ganic layer depth, thaw depth, soil temperature,
organic soil moisture, and soil C:N ratio. Visual
estimates of aboveground vegetation cover by
functional type (moss, shrub, herbaceous, lichen)
were made using a 1 m? quadrat at the soil sam-
pling location. Vegetation within these plots was
collected and dried at 60 °C for at least 48 h for
aboveground biomass estimates (Natali and Kho-
lodov 2016). We recorded the sampling depth of



Fine root dynamics across Alaskan ecosystems

Table 1.

Classification, a Site Description, and Mean Annual Air Temperature (°C)

Site Descriptions Including Site Name, Date of Sample Collection, Latitude, Longitude, Biome

Site

Name

Date

Lat

Long

Biome

Site description

Temperature (°C)

1

10

11

12

13

14

15

16

17

18

19

Birch Lake

Bonanza burned

Bonanza unburned

College

Fox

Gulkana

Smith Lake 1

Smith Lake 2

Smith Lake 3

Smith Lake 4

Chandalar

Coldfoot

Dead Horse
Franklin Bluff-Dry

Franklin Bluff-Wet

Galbraith Lake

Happy Valley

Healy

Kutizin

8/4/15

8/2/15

8/2/15

7/5/15

7/24/15

8/5/15

7/3/15

7/4/15

714115

7/3/15

7/8/15

717115

7/16/15

7/17/15

7/17/15

7/10/15

7/11/15

8/8/15

7/30/15

64.32

64.71

64.71

64.87

64.95

62.17

64.87

64.87

64.87

64.87

68.07

67.24

70.16

69.67

69.67

68.48

69.16

63.88

65.23

146.69

148.29

148.29

147.86

147.62

145.47

147.86

147.86

147.86

147.86

149.58

150.16

148.47

148.72

148.72

149.5

148.84

149.25

164.83

Boreal

Boreal

Boreal

Boreal

Boreal

Boreal

Boreal

Boreal

Boreal

Boreal

Tundra

Tundra

Tundra

Tundra

Tundra

Tundra

Tundra

Tundra

Tundra

Black spruce-dominated forest with
Labrador tea, tussocks, and moss

Black spruce and birch dominated
with Labrador tea understory.
Some dense regeneration and lots
of woody debris

Black spruce forest with sphagnum,
rubus, and Labrador tea under-
story. Few larix

Sparse forest of larix and black
spruce with betula, ledum, rubus,
alnus, wet sphagnum and tus-
socks

Spruce- and birch-dominated site
with salix, equisetum, sphagnum,
and rubus with no tussocks

Willow- and herb-dominated wet
site with few spruce trees

Spruce-dominated forest with Rosa
sp., ledum, Cornus canadensis
understory

Mostly stunted spruce with erio-
phorum, betula, ledum, vac-
cinium, sphagnum, rubus, and
tussocks

Black spruce-dominated with lots of
moss groundcover, ledum, vac-
cinium, and betula

Sparse spruce-dominated canopy
with tussocks, sphagnum, birch,
alder, and willow

Betula- and tussock-dominated
tundra, eriophorum. Mountains
to the east

Tussocky with betula, ledum, carex,
reindeer lichen, snow lichen,
eriophorum, and few spruce trees

Graminoid dominated. Few tus-
socks and salix shrubs. Frost boils

Carex, eriophorum, willow, tussock
site

Carex, eriophorum, willow tundra.
Ephemerally wet. Little distinc-
tion between wet and dry sites

Carex and eriophorum tundra with
the Brooks Range to the S, E, W

Tussock filled with birch, moss,
salix, and ledum. Slight slope to
the east. South of the Brooks
Range

Tussock-dominated site with few
birch and vaccinium

Slightly tussocky site with large be-
tula. Possible pingo to the north

-34

- 3.2

- 3.2

- 29

-39

- 3.1

- 2.8

- 2.8

- 2.8

- 2.8

—11.6

- 7.7

—11.1

- 10.6

— 10.6

- 114

— 10.5

— 4.1

NA
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Table 1. continued

Site  Name Date Lat Long Biome Site description Temperature (°C)

20 Nome 7/28/15 64.51 165.3 Tundra Carex-, vaccinium-, betula-, and li- NA
chen-dominated site

21 Old Man 7/6/15 66.45 150.62 Tundra  Ledum, betula, rubus, dried sphag- — 6.5
num. Lots of reindeer lichen

22 Sag MAT  7/13/15  69.43 148.7 Tundra  Tussock-filled site with a slight slope ~ — 10.7
of the N. Salix, betula, eriopho-
rum, and bistort

23 Sag MNT  7/13/15  69.43 148.67 Tundra  Salix, equisetum, lupinus, poppy, —10.7
and bistort tundra with few tus-
socks

each soil sample to characterize localized thawed
organic layer depth at time of sampling. Soil tem-
perature data presented in this study are the mean
annual temperature from June 2014 to June 2015,
collected in the upper 10 cm at established bore-
holes at each site (GTN-P 2015). We also used site
averaged variables of aboveground biomass, or-
ganic volumetric soil moisture, soil C:N, organic
layer depth and thaw depth data and sampling
methods that provided on the Arctic Data Center
(Natali and others 2016a, b) for this study’s anal-
yses.

Determining Live or Dead Status

In the laboratory, each soil sample was weighed
and washed using a sieve (0.25 mm) to remove all
the soil from the roots. We then separated the roots
into dead and live roots using well-established vi-
sual and tensile cues (Hayes and Seastedt 1987;
Joslin and Henderson 1987). We characterized live
roots by their high tensile strength and bright
appearance with a white cortex (Figure S1). Live
roots were ‘plump’ and retained fine branches. We
categorized dead roots by low tensile strength and
dull coloration with a brown or gray cortex. Dead
roots were also flat and/or flabby with few intact
fine branches (Figure S1). We further separated
live and dead roots into fine (< 2 mm) and coarse
(> 2 mm) samples (Mack and others 2004). Once
sorted, we dried root samples at 60 °C for at least
48 h before weighing. In this study, we did not use
coarse roots in the analyses of boreal ecosystems.
The 10 cm by 10 cm soil samples were not likely to
capture the ‘rare’ but large coarse roots found in
some boreal forest sites that may disproportionally
contribute to belowground biomass estimates.
However, a 10 cm by 10 cm soil sample was suffi-
cient for tundra sites and coarse roots were mea-
sured. We included coarse roots in calculations of

below- to aboveground biomass in our tundra sites,
but did not for boreal forest sites.

Biomass Nutrient Analysis

We ground live and dead roots separately in a
Wiley mill through a #40 screen before being
analyzed on a Costech Analytical Elemental Ana-
lyzer for C and nitrogen (N) content and C:N.
Phosphorus (P) concentrations were determined
using an ash digestion (Jones and Case 1996) fol-
lowed by colorimetric analysis of ortho-phosphor-
ate on an Astoria Pacific colorimetric autoanalyzer.

Statistical Analyses

We explored three main fine root biomass (FRB)
response variables (all standardized to 10 cm
depth): live FRB (kg m~? of soil), dead FRB (kg m~
2 of soil) and dead:live FRB. To determine differ-
ences between biome types, we performed nested T
test analyses using the Ime function in Ime4, with
site nested within biome type. We tested for nor-
mality and homoscedasticity assumptions for T test
analysis using Shapiro-Wilk test and the Levene
test, respectively.

We used abiotic (soil C:N ratio, soil temperature
to 10 cm, organic soil moisture, organic layer
depth, thawed organic layer depth (T-OLD) at time
of sampling, and thaw depth) and biotic (vegeta-
tion cover type and biomass) parameters measured
at each site to explain observed variability in these
three FRB response variables. We performed mul-
tivariate linear regressions for each of the three
main FRB response variables (live FRB, dead FRB,
dead:live FRB) variables using the previously
mentioned abiotic and biotic parameters (vegeta-
tion cover and biomass, soil C:N ratio, moisture and
temperature, and biome type) to test if these
explanatory variables explain variation in FRB
within biomes. We also included T-OLD in each
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model to characterize the organic layer depth
conditions during peak growing season when these
samples were taken. We report both P values for
each variable, along with P values and adjusted R*
values for each model. We compared C:N ratio and
P content of live and dead FRB. We calculated be-
low- to aboveground biomass ratio in only tundra
sites using FRB values and aboveground biomass
measurements. All statistical analyses were per-
formed in R 3.6.2. with tidyverse (1.3.0), ggplot2
(3.3.0), and lme4 (1.1-23) packages (Bates and

Table 2. Statistical Results from Nested T Test
Analyses, with Site Nested within Biome Type
(Boreal vs. Tundra) for Each Measured Variable
[Dead FRB (kg m~* of Soil), Live FRB (kg m 2 of
Soil), Dead:Live FRB, Dead FRB C:N Ratio, Live
FRB C:N Ratio, Dead FRB %P, and Live FRB %P]

Dependent variable df t value P value
Dead FRB 21 0.633 0.544
Live FRB 21 — 1.446 0.163
Dead:live FRB 21 1.627 0.119
Dead FRB C:N ratio 21 — 1.362 0.188
Live FRB C:N ratio 21 — 2.269 0.034
Dead FRB %P 21 — 0.656 0.519
Live FRB %P 21 0.261 0.797

P values less than 0 are bolded.

0.61

0.4

Live FRB (kg m~2 of soil)

—I:|':I

0.0

Dead FRB (kg m™ of soil)

Boreal Tundra

others 2015; Wickham 2016; Wickham and others
2019; R Development Core Team 2020). Code used
for these analyses is publicly archived on GitHub
and Zenodo (McCulloch 2020) and data produced
in this project are available and archived on the
Arctic Data Center (McCulloch and others 2020).

REsuLTs
FRB Variability Between Biomes

Live and dead FRB did not significantly differ be-
tween boreal forest and tundra (P = 0.89, P = 0.40,
respectively, Table 2). In both biome types, dead
FRB was at least four times greater than live FRB,
with mean and standard error values for dead FRB
of 0.27 (£ 0.053) kg m 2 (boreal forests) and 0.31
(£ 0.040) kg m~? (tundra), compared to live FRB
in boreal forests (0.058 + 0.013 kg m~?) and tun-
dra (0.040 & 0.004 kg m~?) ecosystems, respec-
tively (Figure 2). The ratio of dead:live FRB
between biome types was also not significantly
different (P = 0.148, Table 2). The mean below- to
aboveground biomass ratio in tundra was
3.7 £ 3.07. However, if we remove dead below-
ground biomass from these calculated below- to
aboveground ratios, the mean ratio is almost eight
times less (0.46 £ 0.33) in tundra sites.

Despite congruence in FRB measurements be-
tween biome types, we observed large variability in

0.61

0.4

0.0

Boreal Tundra

Figure 2. A Live and B dead FRB (kg m™? of soil, normalized to 10 cm depth) by biome. Boxes represent the interquartile
range, the line is the median, and the whiskers are the lowest or highest value within 1.5 times the interquartile range. All
points are beyond 1.5 x the interquartile range. Dark gray indicates boreal forest, and light gray indicates tundra.



L. A. McCulloch and others

FRB across and within these 23 sites (Figure 3;
Table S1). Further, we found no significant
explanatory relationship between the dead:live
FRB ratio and latitude (P = 0.452). The dead:live
FRB was highly variable across these sites, with
coefficient of variation (CV) of 62.7% and similar
variation within sites (CV = 58.1%). Boreal sites
had higher dead FRB wvariability (CV = 82.5%)
compared to tundra sites (CV = 56.8%). Live FRB
values were overall less consistent (CV = 74.4%)
across sites compared to the dead FRB values
(67.4%), largely driven by higher CV (81.4%) in
boreal sites compared to tundra sites (CV =
55.8%). However, the within-site variability in
boreal and tundra sites did not vary substantially
for live (CV =45.8%, CV =49.6%, respectively,
Figure 3A) or dead FRB (CV =52.6%, CV =
48.8%, respectively, Figure 3B).

We found no significant difference in dead FRB
C:N ratio between boreal forests and tundra
ecosystems (P = 0.188, Table 2). However, the live
FRB C:N ratio was significantly higher in the boreal
forest sites compared to the tundra sites (P = 0.034,
Table 2), as the percent N content of the live FRB
was approximately 13% higher in the tundra sites
with similar values in live FRB percent C content
between biome types. The percent N content of live
and dead FRB was significantly positively corre-
lated with one another (P < 0.001, R* = 0.37).

A 450,

1001 hd l

Live FRB coefficient of varaition (%)

[ )
50- °
[ ]
9
0

Boreal Tundra

(o2

Dead FRB coefficient of varaition (%)

Despite differences in percent N in live FRB of
these ecosystems, there were no significant differ-
ences between biomes for FRB P concentrations of
live or dead FRB (P = 0.809, P = 0.523, respec-
tively, Table 2). However, the FRB P concentra-
tions of live and dead FRB were also positively
correlated with one another (P < 0.001,
R? = 0.40).

FRB Variability Within Biomes

Though there was great variability in FRB within
biomes, some abiotic and biotic factors were cor-
related with FRB across sites (Figure 4). We did not
find any relationship between FRB variables and
site average organic layer depth or thaw depth
(Table S2). We chose to focus on the relationships
between the FRB variables and a combination of
abiotic and biotic factors including soil C:N ratio,
organic soil moisture, soil temperature, and moss
cover that explained a significant amount of vari-
ation in dead:live FRB ratio, live FRB, and dead
FRB (Table 3).

Specifically, these four factors and T-OLD ex-
plained 72% of the observed variation in live FRB
(P=0.022, R*=0.72; Figure 4E-H; Table 3).
Within this model, live FRB had significant positive
relationship with the soil C:N ratio (P = 0.014,
Figure 4E). Although live FRB had no relationships
with different vegetation types percent cover
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Figure 3. Coefficient of variation (%) for A live FRB and B dead FRB for each biome. Boxes represent the interquartile
range, the line is the median, and the whiskers are the lowest or highest value within 1.5 times the interquartile range.
Individual points represent the coefficient of variation for each of the 23 sites. Dark gray indicates boreal forest, and light

gray indicates tundra.
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Table 3. Multivariate Linear Regression Model Results for Response Variables [Dead:Live FRB, Dead FRB

(kg m~? of Soil), and Live FRB (kg m~2 of Soil)]

Estimate SE t value P value Adjusted R*
Dead:Live FRB 0.028 0.6961
Soil C:N ratio — 0.06 0.092 — 0.65 0.538
Organic moisture — 0.01 0.004 — 3.22 0.182
Moss cover — 0.09 0.033 — 2.66 0.038
Soil temperature — 0.06 0.530 — 1.05 0.334
T-OLD 0.32 0.100 3.17 0.019
Biome — 3.27 1.577 - 2.07 0.084
Dead FRB 0.056 0.6042
Soil C:N ratio 1.10E—-02 5.00E—03 2.06 0.085
Organic moisture — 8.00E—-04 2.10E—-04 — 3.85 0.008
Moss cover — 3.60E-03 1.90E—-03 — 1.86 0.112
Soil temperature — 6.12E-02 3.12E—-02 - 1.96 0.097
T-OLD 2.44E-02 6.00E—03 4.104 0.006
Biome — 1.36E-01 9.28E—02 — 1.469 0.192
Live FRB 0.022 0.7187
Soil C:N ratio 1.92E-03 5.59E—04 3.44 0.014
Organic moisture — 3.00E-05 2.18E—-05 —1.43 0.204
Moss cover — 2.86E—-05 2.01E—-04 —0.14 0.891
Soil temperature — 5.51E-03 3.23E-03 - 1.71 0.139
T-OLD 2.17E-03 6.14E—04 3.53 0.012
Biome — 3.12E-03 2.18E—-05 —1.43 0.204

Significant P values are bolded. Models for each variable included six explanatory variables [soil C:N ratio, organic soil moisture (cm’ water cm™ s0il), moss cover (%),
averaged soil temperature to 10 cm (°C), organic layer depth (cm), and biome (boreal vs. tundra)].

(Table S3), we did find about half the variation in
live FRB C:N ratio was explained by herbaceous
and shrub percent cover (P < 0.001, R* = 0.56).
Percent N content in live FRB increased ,whereas
percent C content decreased with higher herba-
ceous cover (P =0.002, P < 0.001, respectively),
while live FRB percent N content had no relation-
ship with shrub cover and percent C content in-
creased with higher percent shrub cover (P = 0.70,
P =0.001, respectively). However, the high P
content in dead and live FRB was associated with
higher percent shrub cover (P = 0.029, R* = 0.17;
P < 0.001, R* = 0.30, respectively).

Dead FRB was less well explained by these abi-
otic and biotic variables (P = 0.056, R*= 0.60;
Figure 4A-D; Table 3). Dead FRB was negatively
correlated with organic soil moisture (P = 0.008;
Figure 4B). This combination of abiotic and biotic
factors did significantly explain the variability in
the dead:live FRB (P = 0.028, R? = 0.70; Figure 4I-
L). Moss cover had a negative relationship with
dead:live FRB (P = 0.038, Figure 4L). Aside from
moss cover, we found no significant relationships
between aboveground characteristics (biomass and
vegetation type) and dead:live, live or dead FRB
(P > 0.05 for all; Table S3).

DiscussioN

In our study, the variation in FRB characteristics
within tundra or boreal biomes was greater than
the variation between these two biomes. In fact, we
found no significant difference in FRB between the
biomes or across a latitudinal gradient with the
exception of live FRB C:N ratio (Table 2; Figure 2).
The significantly higher live FRB C:N ratio in boreal
forest sites may have been driven by differences in
primary vegetation types and soil nutrient cycling
dynamics in boreal forests versus tundra ecosys-
tems. Boreal forests sites had a larger proportion of
woody vegetation (trees and shrubs) compared to
tundra sites, and the high C:N ratio of woody
belowground vegetation compared to herbaceous
vegetation (Graves and others 2006) likely con-
tributed to this observed difference in live FRB C:N
ratios.

We observed high within-site variation in FRB
characteristics that were likely controlled by and
interacted with a complex set of abiotic and biotic
conditions. For these sites, it appeared that local-
ized soil conditions (C:N ratio, temperature, and
organic soil moisture) and percent moss cover
better explained the observed variability in FRB
characteristics than broader geographic variation in



L. A. McCulloch and others

a b
= o | P=0.085 . o P=0008
3 05 RZ=0.60 0.5 R2=0.60
S A . A A ¢
~
e 04 . 0.4 R
oy °®
o L] .“ . ® A ‘
£ o2 “ . 021 L,
kel
g o1 o4 01/ *
. A . A
20 30 40 50 250 500 750
e . f R
3 0.15 P =0.014 0.15 P =0.204
2 R2=0.72 R2=0.72
(T‘O
£
E 0.10
1] ° e
T 0.05 /'/(*/'
% ok “; -
L ] L ]
20 30 40 50 250 500 750
1 o J .
20 20
P = 0.537 P=0.18
o R2=0.69 R2=0.69
< 15 s,
2 .
5 0] &
2 4 A
[} ‘8
(a 5 . 4
LY I
A
0 250 500 750

20 30 40 50
Soil C:N

Organic soil moisture
{cm? water cm soil)

c d
. P =0.098
0.51 RZ=0.60 0.5
A
0.41 0.4
L
.
0.2 0.2
A
0.1 y * 0.1
. A . A
-2 0 2 0 20 40
g h .
0.15{ P=0.139 0.15 P =0.891
R2=0.72 R2=0.72
0.10
A A
° L
005/ % +—
o. OA‘ .A * o o,
L ] L]
-2 0 2 0 20 40
k | | .
201 20
P=0.334 P=0.038
2= 2 =
s RZ=0.69 .5 R2=0.69
A
10{%
A
° A
5. A
. . A
0 - . . -
2 0 2 06 20 4o

Soil temperature (°C)

Moss cover (%)

Figure 4. Bivariate relationships of the linear relationships derived from the multivariate linear regressions models with
abiotic (soil C:N ratio, soil temperature to 10 cm, organic soil moisture) and biotic (moss percent cover) factors and dead
FRB (A-D, respectively), live FRB (E-H, respectively), and dead:live FRB ratio (I-L, respectively). P values and adjusted
R? values are provided for factors from multivariate models that include all four of these abiotic and biotic factors, along
with biome type (boreal versus tundra) and T-OLD for each of three response variables (dead FRB, live FRB, and dead:live
FRB). Triangles denote boreal sites, and circles denote tundra sites.

climate or biome type (Lantz and others 2010;
Evgrafova and others 2018).

Variation in FRB Characteristics

Despite no significant differences in live and dead
FRB between biomes, our data align with other
studies that show high below- to aboveground
biomass ratios in high-latitude ecosystems com-
pared to more temperate systems (Dennis and
Johnson 1970; Jonasson 1992; Hobbie and Chapin
1998; Jonasson and others 1999). This holds true in
this study, even when only live FRB was explicitly
considered, though excluding dead FRB led to an
almost eightfold decrease in mean below- to

aboveground ratio. Unlike what we would expect
based on whole plant economic spectrum theory
(Reich 2014) or what has been seen in previous
studies (Reich and others 1998; Sloan and others
2013; Shen and others 2019), aboveground vege-
tation variables (percent cover and biomass) were
not overall good predictors of FRB dynamics. This
may be because we used a community-level sam-
pling method, where other studies quantified
above- and belowground characteristics for indi-
vidual plants (expect for Sloan and others 2013)
and sampling at the community-level may be too
coarse to capture the coordination between traits.
Sloan and others (2013) found a strong relationship
between LAI and fine root biomass; however, they
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only included FRB less than 1 mm, whereas we
included FRB less than 2 mm. In the absence of LAI
data we cannot directly determine whether a sim-
ilar pattern exists at our sites, and note that dif-
ferences in the definition of FRB may explain this
potentially conflicting result.

This relatively high live FRB in high-latitude
ecosystems may be the result of continued FRB
growth for several weeks after the beginning of
aboveground senescence. Blume-werry and others
(2016) showed a 50% longer growing season for
belowground biomass compared to aboveground
biomass in northern Sweden. Continued FRB
growth could be critical for nutrient acquisition, as
late growing season experiences high decomposi-
tion rates, while aboveground growth conditions
may be too harsh or light limited (Blume-Werry
and others 2016). As temperatures warm, the pat-
tern of high belowground biomass compared to
aboveground biomass may continue as increased
decomposition rates release nutrients from organic
matter later into the season promoting root growth
(Blume-Werry and others 2016). An observed
eightfold decrease in below- to aboveground ratio
estimates when only live biomass is considered
suggests that caution should be taken when inter-
preting belowground biomass estimates without
live and dead distinctions (Iversen and others
2015).

We observed significantly higher live FRB C:N
ratio in the boreal forest biome compared to tundra
(Table 2). This variability in live FRB C:N ratio was
largely driven by higher N content in live FRB
tundra ecosystems with different vegetation types
(mainly herbaceous and shrub). More than half the
variability in live FRB C:N ratio was explained by
shrub and herbaceous cover, likely a result of dif-
ferences in C concentrations in FRB associated with
these vegetation types (Iversen and others 2015).
Non-woody vegetation cover (herbaceous cover)
was associated with lower live FRB C:N ratios.
However, neither of these factors were associated
with live FRB amounts, suggesting no change in
overall amount of live FRB but rather changes in
FRB elemental composition.

The P and N contents of both live and dead bio-
mass samples were positively correlated with each
other, similar to previous studies, indicating little
resorption of nutrients before senescence (Gordon
and Jackson 2000) and/or slow FRB decomposition
rates (Freschet and others 2013). It is difficult to
disentangle what drove the observed variability in
the elemental composition of live and dead FRB
between sites. Soil P availability conditions at each
site could have contributed to differences in FRB P

concentrations between sites, as vegetation P con-
centration can be plastic to soil P availability
(Chapin and others 1986). Although we do not
have soil P availability measurements at these sites
to confirm this hypothesis, we did find a relation-
ship with plant functional group, as a significant
portion of P content variability in live and dead
FRB was explained by percent shrub cover.

Abiotic and Biotic Conditions and FRB
Variation

Moss cover, soil temperature, soil organic moisture,
and soil C:N ratio all explained observed variability
in FRB. These factors varied in their relationship
with FRB, as some factors only correlated with
dead:live FRB, dead FRB or live FRB (Table 3;
Figure 4). Further, all of these factors can vary
substantially in relatively small spatial scales,
potentially explaining the large heterogeneity ob-
served in FRB characteristics within sites. Soil
conditions, such as temperature, moisture, and C:N
ratio, can all influence microbial activity and
therefore decomposition rates (Mack and others
2004; Campbell and others 2010; Demarco and
others 2011; Lavoie and others 2011). Decompo-
sition rates not only affect stocks of dead FRB, but
may influence soil nutrient availability that may
up- or down-regulate live FRB growth. Vegetation
cover can also have implications on these soil
characteristics. For example, moss cover has been
found to keep soil temperatures cooler for longer
into the growing season and retain water (Gornall
and others 2007).

Dead FRB was negatively related to moss cover
and organic soil moisture, which are often highly
correlated with each other. In this study we only
found a weak correlation between moss cover and
organic soil moisture, though our instantaneous
measurements may not reflect long-term site-level
patterns. High soil moisture can slow decomposi-
tion rates, allowing for dead FRB to accumulate,
but we found low dead FRB associated with higher
organic soil moisture and high moss cover. It is
possible even the soils with the highest soil mois-
ture were not wet enough to saturate the soil to
significantly inhibit microbial activity. This sam-
pling does not provide information on potential
moisture dynamics of drying and wetting of these
soils, which can create pulses of microbial activity
to could diminish stocks of dead FRB (Xiang and
others 2008).

Live FRB was lower in sites with colder temper-
atures. Warmer temperatures may be correlated
with specific vegetation types, such as shrubs and
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trees that are observed to be expanding under cli-
mate change (Raynolds and others 2006; Frost and
Epstein 2014; Myers-Smith and others 2015),
which could drive higher FRB. Aside from moss
percent cover, the measured vegetation types
(shrubs, herbaceous, lichen, and other) do not ex-
plain variability in measured FRB amounts. This
suggests observed differences in FRB between
individual species may not necessarily lead to
community-level differences (Shaver and Cutler
1979; Chapin and others 1980). However, soil
temperature data largely fall out into the two
biome types (colder temperatures associated with
tundra ecosystems), suggesting FRB dynamics may
be driven by complex interactions between com-
munity composition and temperature that are dif-
ficult to resolve (Figure 4G).

Variation in live FRB was significantly explained
by the soil C:N ratio. When the soil C:N ratio is
higher, N may be less available for plant use and as
a result live FRB may increase to explore more of
the soil profile (Salmon and others 2016, 2018;
Iversen and others 2017; Hewitt and others 2019).
Lower soil C:N ratio values were associated with
lower live FRB. It is possible that warmer temper-
atures, and therefore faster decomposition rates,
lead to higher nutrient availability (Grogan and
Chapin HI 2000; Mack and others 2004; Blume-
Werry and others 2016; Salmon and others 2016).
Less live FRB may have been needed to acquire the
necessary soil nutrients when soil nutrient avail-
ability was higher. There was a positive correlation
between T-OLD and soil temperature at 10 cm
(correlation coefficient = 0.49) in these sites, sug-
gesting warmer temperatures increased the soil
depth FRB could utilize and altered where FRB are
allocated within the soil profile. More detailed
sampling of root depth throughout the soil profile is
needed to determine this.

Increased N availability has been observed as
permafrost thaws (Lavoie and others 2011; Salmon
and others 2016, 2018; Keuper and others 2017).
This surge of N from permafrost thaw may not
necessarily align with peak vegetation growth.
Nutrients may be leached out of the system or ta-
ken up by microbes before they can be utilized by
plants (Jonasson and others 1999; Iversen and
others 2015; Keuper and others 2017). The N
associated with permafrost thaw is often released
deeper in the soil profile (Keuper and others 2017).
Therefore, the soil C:N ratio measurements and
root systems may not have been deep enough to
identify or access this additional source of N. More
detailed measurements of soil nutrient stocks and
cycling, along with vegetation dynamics through-

out the growing season are necessary to identify
the mechanisms behind the patterns we observed.

Together, variability in soil characteristics (tem-
perature, C:N ratio, and organic soil moisture) and
moss cover strongly correlated with the variability
in dead:live FRB (Figure 4). Moss cover signifi-
cantly explained the amount of variation observed
in this FRB ratio, which was mostly driven by high
moss cover associated with lower dead FRB (Fig-
ure 4D, H, I). A high adjusted R* value (0.69)
suggests that these four parameters may be influ-
ential to and/or interact with root growth, long-
evity, and/or decomposition and therefore affect
the dead:live FRB. Given the generally low
decomposition rates in this region, it may be the
case that root turnover is longer in soils with
greater moss abundance, either due directly to
changes in longevity or indirectly due to prefer-
ential rooting of species with longer-lived roots.
However, it is difficult to disentangle the potential
interactions between FRB and these soil conditions
given the paucity of data. Manipulations of vege-
tation cover and soil conditions may help deter-
mine the casual mechanism.

T-OLD was the only variable in these models that
had a positive significant relationship with all three
FRB variables (live, dead and dead:live FRB). These
T-OLD values represent the soil depth available for
root growth and decomposition at time of sampling
(peak growing season). Sites that had experienced
greater soil thawing had a larger volume of soil for
FRB to grow into while also exposing more of dead
FRB stock for sampling. Interestingly, we see no
relationship between FRB variables and OLD (ta-
ken at the end of the growing season). This suggests
that T-OLD at time of sampling is important to
account for when trying to understand how FRB
varies with other abiotic and biotic factors in the
environment. Comprehensive sampling of FRB at
the end of the growing season, when OLD has
reached its maximum, is needed to know if the
observed strong relationship between T-OLD and
FRB continues through the end of the growing
season.

Implications for Ecosystem Change

Despite large differences in vegetation type and
biomass between biomes, we saw no significant
difference in FRB between boreal forest and tundra
biomes, or even within tundra sites. This implies
that regional increases in vegetation productivity
(Beck and Goetz 2011), including shrubification
and treeline advance (Raynolds and others 2006;
Frost and Epstein 2014; Myers-Smith and others
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2015) will not necessarily be accompanied by in-
creases in live FRB in surface soil. This disconnect
between above- and belowground responses to
variable environmental conditions has been previ-
ously observed in these ecosystems (Blume-Werry
and others 2016, 2017a, b; McLaren and Buck-
eridge 2019). Consequently, creating landscape-
scale predictions of FRB and ecosystem C cycle
dynamics based on changes in vegetation commu-
nities or biome characterization may be difficult to
achieve. This presents a challenge for predicting
how changes in high-latitude C dynamics will
feedback to global climate change given the high
proportion of vegetation C stocks held below-
ground (that is, roots), in these ecosystems. The
lack of correspondence between biome type and
dead FRB dynamics means that soil C dynamics
may also be difficult to predict based on vegetation
shifts, given that dead roots serve as key soil sub-
strate inputs. Overall, these results suggest that
ecological controls on plant allocation and decom-
position will determine how live and dead FRB,
respectively, will contribute to future high-latitude
C dynamics.

Variability in FRB was linked primarily to
heterogeneity in soil moisture, C:N ratio, temper-
ature, and moss cover that occur at relatively small
spatial scales. Covariation in soil temperature and
moisture, as well as bryophyte distribution, makes
the causal mechanisms difficult to determine. Al-
though soil temperature is governed by climate, it
can be modified by snow cover, soil moisture, and
canopy shading, among other factors (Loranty and
others 2018). Similarly, soil moisture will be mod-
ified by climatic changes in precipitation regimes,
and perhaps more importantly, on permafrost thaw
dynamics that may lead to either the wetting or
drying of these landscapes (Andresen and others
2020). Understanding how FRB dynamics will
change with climate is challenging because future
precipitation regimes as well as the hydrologic
consequences of permafrost thaw are both highly
uncertain in space and time. Continued efforts to
identify the mechanistic underpinnings of rela-
tionships between environmental drivers and FRB
dynamics will be essential to quantify future C
cycle changes across the circumpolar region.

CONCLUSIONS

This study provides site-based community esti-
mates for both live and dead FRB dynamics across a
large geographic scale that spans a gradient of
biome types. This work echoes previous findings of
the potential disconnect between above- and

belowground dynamics in these Arctic ecosystems,
suggesting the need for more belowground studies
and cautioning against extrapolating observed
aboveground patterns to belowground processes
(Grogan and Chapin III 2000; Iversen and others
2015; Blume-Werry and others 2016, 2017a).
Aside from live FRB C:N ratio, we see no difference
in FRB characteristics between these two biome
types. These results indicate the need for finer
spatial scale measurements of FRB characteristics
and related biotic and abiotic conditions in order to
explain the variability we observed within these
Alaskan boreal and tundra ecosystems. Our results
indicate that factors such as soil C:N, moisture, and
temperature may be more important than vegeta-
tion biomass or community composition for
understanding FRB variability. Consequently,
understanding how these soil conditions change
with climate, and how they may interact with
vegetation changes, is key for predicting future FRB
characteristics and associated C cycle implications
with continued climate change.
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