
REGULAR ARTICLE

Sensitivity of carbon stores in boreal forest moss mats - effects
of vegetation, topography and climate

Robert J. Smith & Sarah Jovan & Andrew N. Gray &

Bruce McCune

Received: 22 March 2017 /Accepted: 4 September 2017 /Published online: 26 September 2017
# US Government (outside the USA) 2017

Abstract
Background and aims In northern regions, moss and
lichen mats are the major carbon-cycling interface be-
tween soils and the atmosphere. We aimed to quantify
sensitivity of ground layer nutrient stores to environ-
mental predictors, to better understand interactions with
vegetation, topography and climatic conditions.
Methods With non-destructive forest inventory tech-
niques, we estimated distributions of biomass, carbon
and nitrogen among moss/lichen ground layers in a 1.1
million-ha watershed within Alaska’s boreal forest re-
gion. Using nonparametric multiplicative regression, we
fit response surfaces and quantified sensitivity to envi-
ronmental predictors.
Results Across 96 sites, half the ground layer biomass
values were in the range 4750–18,900 kg ha−1 (25th to
75th percentiles). Carbon and nitrogen stores peaked in
older stands and those with little forb cover (suggesting
low disturbance) and low incident radiation. Among
functional groups, the most abundant were nitrogen-
fixing feather mosses, which formed extensive carpets.
Nutrient stores were most sensitive to local vegetation

and topography predictors, but less sensitive to regional
climate.
Conclusions Moss and lichen mats in boreal forests are
substantial carbon and nitrogen stores, with conse-
quences for carbon sequestration and ecosystem produc-
tivity. Their environmental sensitivity suggests that
ground layer nutrient stores could decrease if global
changes promote vascular vegetation expansions and
intensifying wildfire regimes.

Keywords Boreal forests . Carbon sequestration .

Climate change sensitivity . Interior Alaska . Nitrogen
cycling . Nonparametric multiplicative regression . Soil-
atmosphere transition . Soil nutrients .Wildfire regimes

Introduction

High-latitude forests are central to understanding global
changes because of biophysical feedbacks between veg-
etation, soils, and the atmosphere (Bonan 2008). Carbon
exchange in boreal forests is mediated in no small part
by the Bground layer^, which is the three-dimensional
stratum of mosses and lichens that occupy terrestrial
surfaces. Ground layers (which include both living and
dead organic material) are categorically neither soils nor
above-ground vegetation, but instead occupy a unique
transitional interface where soils and the atmosphere
meet (Fig. 1). Terrestrial mosses and lichens have long
been recognized as pivotal actors in global climate feed-
backs and local nutrient budgets (e.g., Rennie 1807;
Geikie 1866; Stålfelt 1937; Gorham 1953; Tamm
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1953). Recent global changes (e.g., changes in air tem-
perature trends, moisture patterns and disturbance re-
gimes) have revived interest in quantifying how much
carbon and nitrogen are stored in ground layers, and on
the environmental conditions under which nutrients are
accumulated and sequestered. If northern high-latitude
climates continue to warm following recent trends
(Chapin et al. 2014), thawing permafrost and peat de-
composition beneath ground layers may accelerate CH4

and CO2 releases that could further amplify climatic
warming (McGuire et al. 2009).

Moss mats account for one-fifth of all net carbon
uptake and more than half of nitrogen fixation in boreal
forest understories (Lindo et al. 2013; Hasselquist et al.
2016). The carbon storage capacity of ground layers is
potentially huge since moss-dominated peatlands cur-
rently store about 33% of the world’s terrestrial carbon
(Yu 2012), most often in poorly drained tundra and
boreal forests presumed to be of minor commercial
value. Ecosystem engineers like peat-forming Sphag-
nummosses simultaneously take up atmospheric carbon
and inhibit decomposition by altering the pH and water
content of soils (Clymo et al. 1998). Despite large
carbon sequestration potential, it is unclear whether
ground layers might switch from sinks to sources under
projected global changes.

Carbon storage in subarctic ground layers may face a
variety of challenges. In high-latitude habitats, an in-
crease in surface temperatures and CO2 concentrations
promotes growth of tall shrubs that outcompete shorter-
statured lichens and mosses (Cornelissen et al. 2001;
Elmendorf et al. 2012; Lang et al. 2012). A particular
concern are forage lichens on which caribou and other
wildlife depend, and whose decline would have socio-
economic impacts on hunting, tourism and subsistence
practices (Joly et al. 2009). Another factor promoting
ground layer carbon losses is the intensifying pattern of
boreal forest wildfires. Recently, large wildfires resulted
in greater carbon emissions than at any point in the last
several thousand years (Turetsky et al. 2011; Kelly et al.
2013; Hu et al. 2015). They also occurred later in the
growing season when ground layers have dried, which
increased both burn depth and combustive carbon losses
(Kasischke and Chapin 2008).

Understanding how global changes will interact with
carbon cycling at the soil–atmosphere interface (Fig. 1)
requires estimating status and trends in carbon pools.
Quantifying forest floor and soil carbon now takes a
central role in national forest inventories of the United
States, Canada, Sweden, and other nations with boreal
forests (Woodall et al. 2012; Bona et al. 2013; Swedish
NFI 2013). For example, the US Forest Service’s Forest
Inventory and Analysis (FIA) program now focuses on
interior Alaska, which is the last large region of the
United States without a systematic forest inventory
(Mueller and Irvine 2015). Boreal forests of interior
Alaska have a great variety and abundance of ground
layer mosses and lichens, although ground layers have
never before been measured systematically over such
large landscapes. Overlooking ground layers in forest
inventory protocols would grossly underestimate carbon
stores (Bona et al. 2013).

We aimed to estimate ground layer biomass, carbon,
nitrogen, and ecosystem functions from a systematic
forest inventory at 96 sites in the Tanana River valley of
interior Alaska. Data were from a pilot for the FIA
Interior Alaska Inventory, which aims to sample more
than four thousand plots throughout the entirety of inte-
rior Alaska over the next decade (Mueller and Irvine
2015). Primary objectives were to identify the best envi-
ronmental predictors of each ground layer attribute, to
quantify their environmental sensitivity, and to estimate
potentially nonlinear response surfaces. We initially ex-
pected greater sensitivity to climate predictors, relative to
topography or vegetation, because of climatic control of

Fig. 1 Conceptual carbon balance in moss and lichen mats at the
soil–atmosphere interface. Carbon storage is in both aboveground
and transitional organic matter. In addition to regulating carbon
cycling, ground layer organisms have many other functions
(Table 1)
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photosynthesis and respiration that determine carbon bal-
ance. We discuss our findings in the context of regional
changes and carbon balances, and also explore opportu-
nities to unify inventory data with emerging methods for
predictive carbon estimation.

Materials and methods

Study area and sampling design

Our study was part of a first-year pilot project for the FIA
Interior Alaska Inventory (Mueller and Irvine 2015), a
multi-year effort that combines field plot and airborne
sampling to document status and trends of forest soils,
trees, vegetation, fuels, downed woody materials, and
other forest attributes. The study area was the Tanana
River valley of interior Alaska, north of the Alaska Range
and south of the Yukon-Tanana uplands, in an area bound-
ed by 61.5–66.5 °N and 141–153 °W (Fig. 2). Most of the
area was coniferous boreal forest dominated by black
spruce and white spruce (Picea mariana and P. glauca),
in addition to extensive areas of deciduous hardwoods
forest including aspen, paper birch and balsam poplar
(Populus tremuloides, Betula neoalaskana, Populus
balsamifera). Habitats included a heterogeneous mixture

of lowland and upland sites. For the pilot study conducted
June–August of 2014, FIA crews measured 96 plots at
sites systematically located on 1.1 million ha of forested
public lands (Tanana Valley State Forest and Tetlin Na-
tional Wildlife Refuge). Plots, each of 0.38 ha area, were
evenly spaced on a regular hexagonal grid to facilitate
airborne surveys (not reported here), with one plot per
9712-ha polygon overlaying the study area (Pattison et al.
2017). Among other measurements described below,
crews used the Ground Layer Indicator (Smith et al.
2015) to measure ground layer attributes.

Ground layer attributes

First, we estimated ground layer attributes at each of the
96 sites using the FIA Ground Layer Indicator (Smith
et al. 2015), which is a nondestructive method that uses
prior calibrations to convert field-measured depth and
cover of moss and lichen functional groups into a plot-
level estimate of biomass, carbon, and nitrogen for each
functional group (Table 1). Field measurements were
restricted to mosses and lichens growing over terrestrial
substrates, which included other mosses, small rocks,
soils or downed woody materials that lacked bark.
Workers did not collect or harvest plant material and were
not required to know species’ identities. Each plot had 32
rectangular microquads of 20 × 50 cm (1000 cm−2 area).
In each microquad, and for each functional group in the
predefined set (Table 1), workers visually estimated cover
classes (with breakpoints at 0%, 0.1%, 1%, 2%, 5%,
10%, 25%, 50%, 75%, 95%, 99%, 100%), and measured
depth to the nearest cm using a slender steel rod (7 mm
diameter, 23 cm length, marked at 1-cm intervals, with a
narrowly pointed tip); this gives a field-based measure of
volume. The field method includes green photosynthetic
material and undecomposed fibric material (live or dead),
but excludes partially or fully decomposed peat that may
form in deeper layers. Depth measurements are intention-
ally truncated at 40 cm deep, and therefore are expected
to give conservative estimates. With the Ground Layer
Indicator, a potentially large number of plots can be
evaluated rapidly since the field measurements take less
than 2 h per plot (Smith et al. 2015). A further benefit is
the capacity to quantify the relative importance of eco-
system functions based on a defined set of functional
groups (Table 1). Examples of ground layer ecosystem
functions include wildlife forage, biological N-fixation,
paludification and water table modification, soil cooling,
soil and detritus binding, animal habitat, interception and

Fig. 2 Map of the study area in interior Alaska. Cross symbols
indicate locations of 96 plots in the Tanana River valley of interior
Alaska, within which ground layers were measured in June–Au-
gust of 2014. The study area was the Tanana River valley of
interior Alaska, north of the Alaska Range and south of the
Yukon-Tanana uplands. Plot locations are fuzzed for privacy
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retention of precipitation, and many other function-
al effects on ecosystems. Nondestructive biomass
estimates were based on a bulk density calibration
curve, generated by previous destructive sampling
in the same locality, which described bulk density
as a negative exponential function of mat depth
(Smith et al. 2015). Biomass for each microquad
was then calculated as the arithmetic product of
the estimated bulk density and the field-measured
volume. Estimated mean biomass for a given plot
was simply the mean of all 32 microquads, scaled
to kg ha−1. Carbon and nitrogen content for each
functional group were then calculated as propor-
tions of biomass based on previous destructive
sampling with lab analysis, described more fully
by Smith et al. (2015). For all ground layer attri-
butes, we then calculated summary statistics and
generated histograms of biomass among different
functional groups. We used R software version
3.3.1 (R Core Team 2016) for most analyses

besides the nonlinear regression of environmental
predictors (below).

Uncertainty analyses

Because biomass estimates were based on a preexisting
bulk density calibration curve, and because errors may
propagate throughout the estimation procedure, we es-
timated the effects of measurement and model uncer-
tainty using a three-tiered hierarchical bootstrap resam-
pling analysis. Bootstrap resampling (drawing indepen-
dent observations with replacement to construct a sam-
pling distribution) is a nonparametric approach that
allows determining error rates of a prediction without
making assumptions about model forms or statistical
distributions (Manly 2007). It is commonly used to
account for uncertainty in estimates of forest biomass
(Rice et al. 2004; Saatchi et al. 2007; Montesano et al.
2014). Specifically, we resampled with replacement
from the original calibration dataset of destructive

Table 1 Functional groups and their estimated abundances at 96 plots on forested lands in the Tanana River region of interior Alaska

Functional group Functions Biomass (kg ha−1) C (kg ha−1) N (kg ha−1) Cover (%)

Mean SE Mean SE Mean SE Mean SE

Biotic soil crust Soil trapping, soil water influx,
disturbance indicator

3.0 2.3 1.4 1.0 < 0.1 < 0.1 < 0.1 < 0.1

Eutrophic lichens Indicate nutrient over-enrichment 0.4 0.3 0.2 0.2 < 0.1 < 0.1 < 0.1 < 0.1

Forage lichens Wildlife forage (caribou, etc.) 446.4 146.7 198.1 65.1 2.7 0.9 2.7 0.8

Foliose lichens Invertebrate habitat, bare site
colonization

8.7 6.5 3.8 2.9 0.1 0.1 0.1 0.1

Fruticose lichens Invertebrate habitat, bare site
colonization

70.4 32.5 31.2 14.4 0.5 0.2 0.7 0.3

N-fixing foliose
lichens

N-fixation, C:N modification 158.4 66.8 70.3 29.6 4.1 1.7 1.9 0.8

N-fixing fruticose
lichens

N-fixation, increases albedo 34.1 9.9 15.1 4.4 0.9 0.3 0.3 0.1

Feather mosses Rainfall interception, soil
cooling

734 266.9 325.8 118.5 8.9 3.2 3.2 1.2

N-fixing feather
mosses

Broad-area N-fixation, soil
cooling

7799.2 1384.2 3461.5 614.4 88.9 15.8 25.3 4.1

Sphagnum
peat-mosses

Carbon storage (peat), water
regulation, soil cooling

2244.8 646.8 996.3 287.1 21.1 6.1 5.0 1.5

Turf mosses Soil accrual, bare site colonization 1030.2 343.3 457.2 152.4 10.3 3.4 6.7 1.8

Flat liverworts Soil/detritus binding, water
infiltration

23.6 10.6 10.5 4.7 0.4 0.2 0.2 0.1

Leafy liverworts Soil/detritus binding, water
infiltration

18.9 11.5 8.4 5.1 0.3 0.2 0.1 0.1

Each of themutually exclusive groups integrates growth forms, potential indicator status and ecosystem effects. Functions follow Smith et al.
(2015) based on literature references therein
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samples, each replicate having the same size as the calibra-
tion dataset (n = 150 observations), then used each boot-
strap replicate to recalculate new bulk density calibration
curves, new microquad biomass estimates and new plot-
level biomass estimates. We repeated this procedure for
each of 999 bootstrap replicates, and calculated root mean
square error (RMSE) as a measure of the quality of each
estimate. The outcome was to quantify how uncertainty
propagates to predictive error (RMSE) through each of
three distinct levels: 1) the bulk density calibration model,
2) predicted biomass of microquads within plots, and 3)
predicted biomass of entire plots. The original formulation
of the Ground Layer Indicator (Smith et al. 2015) also used
bootstrap methods to identify minimum sampling require-
ments with respect to number of microquads per plot.

Environmental predictors

We used nonlinear regression methods to evaluate re-
sponses of four ground layer attributes: plot mean

biomass, mean total carbon content, mean total nitrogen
content and the total number of functional groups (func-
tional group richness, FGR). Candidate predictors
(Table 2) included vegetation, climate, and topographic
variables. Vegetation variables were from field measure-
ments taken concurrently with ground layer measure-
ments according to FIA protocols (FIA 2014a; b). For
example, litter depth was the average of eight point
measurements per plot; seedling count was the average
counts of trees <2.54 cm diameter in four microplots of
13.5 m2 area each; and stand age was the average of at
least three tree cores per plot (FIA 2014a; b). Vegetation
cover was ocular estimation of vertically-projected can-
opy cover for each layer (trees, shrubs, forbs and
grasses), which we later transformed by taking the
arcsine-square-root to emphasize differences in values
towards the ends of the 0–100% measurement scale.
Climate variables were annual mean 30-year normals
(1981–2010) extracted from the ClimateNA database
(Wang et al. 2012). Some topographic variables were

Table 2 Candidate predictors tested to model responses of biomass, carbon, nitrogen and functional group richness

Symbol Predictor Type Description Units Ref.

litt Litter depth Vegetation Depth of litter overlying mosses and lichens cm a

seed Seedling count Vegetation Number of tree seedlings occurring in subplots count a

age Stand age Vegetation Field-estimated age of the plot trees, from 3 cores years a

tree Tree cover Vegetation Arcsine-square-root transformed cover of trees proportion a

shrub Shrub cover Vegetation Arcsine-square-root transformed cover of shrubs proportion a

forb Forb cover Vegetation Arcsine-square-root transformed cover of forbs proportion a

grass Grass cover Vegetation Arcsine-square-root transformed cover of grasses proportion a

slope Slope Topographic Angle of slope degrees a

asp Folded aspect Topographic Slope direction, increasing along a NE–SW axis degrees b

pdir Potential direct incident
radiation

Topographic Potential annual direct incident solar radiation
a slope receives, based on slope, aspect,
and latitude

MJ cm−2 y−1 b

htld Heat load Topographic Potential heat index of a slope, accounts for
both radiation and southwestness of aspect

unitless b

mat Mean annual temperature Climate Mean annual air temperature °C c

td Continentality Climate Temp difference between warmest/coldest months °C c

map Mean annual precipitation Climate Mean annual precipitation mm c

ahm Annual heat moisture
index

Climate Ratio of temperature to precipitation unitless c

ffp Frost-free period Climate Length of the frost-free period d c

pas Percent precip as snow Climate Percent of annual precip in snow form % c

cmd Climatic moisture deficit Climate Hargreaves climatic moisture deficit mm c

a FIA (2014a)
bMcCune and Keon (2002)
cWang et al. (2012)
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measured on site (aspect, slope), while others (potential
direct incident radiation, heat load) were subsequently
calculated as a function of slope and aspect following Eq.
2 in McCune and Keon (2002).Potential direct incident
radiation (PDIR) expresses the expected amount of radi-
ation which a given slope receives annually, in units of
MJ cm−2 y−1. Forest types were defined by dominant live
tree species (FIA 2014a).

To select predictors and fit models, we used nonpara-
metric multiplicative regression (NPMR:McCune 2006)
in HyperNiche version 2.25 (McCune and Mefford
2011). NPMR is a kernel regression method that esti-
mates mean responses as a smoothed function of all
possible interactions of an optimized subset of predic-
tors. For this, we used a local mean model with a Gauss-
ian kernel and HyperNiche’s default parsimony criteria
settings (overfitting control setting = Bmedium^, mini-
mum average neighborhood size = 7.5, improvement
criterion = 5, and minimum data-to-predictor ratio = 10),
with model fit assessed by leave-one-out cross-validated
R2 (xR2). Preliminary analyses (not reported) using
log10-transformations of biomass, carbon, and nitrogen
did not improve predictive capacity, and were not re-
quired to meet NPMR model assumptions, therefore we
used untransformed data throughout. We performed ran-
domization tests (100 randomizations per regression
model) to test the null hypothesis that the fit of each
selected model was no better than obtained at random.
We calculated sensitivity as a measure of the relative
importance of each environmental predictor. Specifical-
ly, sensitivity was calculated as the mean absolute dif-
ference in each response that resulted from perturbing
each predictor ±5% of its range, expressed as a propor-
tion of the range of the response variable. Therefore,
sensitivity values = 0 would indicate that perturbing a
predictor has no effect on the response, while values = 1
would indicate that perturbing a predictor yields an
equal-magnitude change in the response variable.

Results

Ground layer attributes and uncertainty

At 96 plots located in the Tanana River valley of interior
Alaska, ground layer biomass averaged 12,397 kg ha−1

(± 1345 sample standard error), including 5515 ± 583 kg
ha−1 of carbon and 137 ± 15 kg ha−1 of nitrogen. The
middle 50% of biomass values were in the range 4750–

18,900 kg ha−1 (range from 25th to 75th
percentiles)(Fig. 3). The frequency and relative
abundances of functional groups varied across
the Tanana landscape (Fig. 4). For example,
nitrogen-fixing mosses (with cyanobacterial asso-
ciates) were most frequent across the study area,
and were often the most locally abundant func-
tional group in a given plot. Sphagnum peat-
mosses occurred in fewer plots, but often
achieved highest within-plot biomass. Forage li-
chens were moderate in frequency but also had
considerable biomass where encountered (Fig.
4). On average there were 6.6 ± 1.9 functional
groups per plot. Black spruce forest types in the
Tanana River area had the greatest mean biomass
(19,234 ± 2062 kg ha−1) relative to other forest
types. As a per-plot average, estimated mean
biomass and mean nutrient content in black
spruce forest types were roughly double that of
white spruce forest types, and nearly four times
that of most hardwood forest types (Table 3).
Bootstrapped 95% confidence intervals for pre-
diction error (RMSE) were assessed at the levels
of the bulk density calibration model, the
microquad estimates, and the plot estimates
(Fig. 5). For the bulk density calibration model,
the 95% bootstrap confidence interval for predic-
tion error was 0.017–0.027 g cm−3; for the
microquad estimates it was 1.41–29.94 g per
1000 cm−2 microquad; and for the plot estimates
it was 167.6–3917.8 kg ha−1 (Fig. 5).

Environmental predictors

The best predictors of biomass, carbon stores,
and nitrogen stores were related to vegetation
(stand age, forb cover and litter depth) and in-
solation (PDIR) (Table 4). Response surfaces and
sensitivity to each of these environmental pre-
dictors were essentially identical for the three
nutrient variables (biomass, carbon and nitro-
gen), as expected since the nutrient response
variables were roughly proportional to each oth-
er. Estimated ground layer carbon and nitrogen
were greatest in older stands, and were lowest in
plots with high forb cover and high PDIR (Fig.
6). Variation in functional group richness was
best explained by vegetation (seedling count
and tree cover), and it was weakly sensitive to
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a climate proxy (percent precipitation as snow)
(Table 4). Model fit, based on leave-one-out

cross-validated R2, ranged from xR2 = 0.27–
0.34 for the four models. All four regression

Fig. 3 Histogram of plot-level
biomass (kg ha−1) for 96 plots in
the Tanana River valley of interior
Alaska. Dashed lines indicate the
median (red) and 25th and 75th
percentiles (black) of the
distribution of values. The middle
50% of biomass values were in
the range 4750–18,900 kg ha−1

(range from 25th to 75th
percentiles). Note that values on
the horizontal axis are on a log10
scale

Fig. 4 Histograms of biomass (log10 scale) for 13 functional
groups at 96 plots in the Tanana River valley of interior
Alaska. N-fixing feather mosses were the most abundant and
most frequent functional groupp. Sphagnum peatmosses

occurred at fewer sites but tended to have high biomass
when present. Relative distributions and abundances of func-
tional groups can indicate their ecosystem effects across
landscapes
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models had better fit than expected at random
(randomization p-values all <0.05).

Discussion

Biomass, carbon and nitrogen stores in boreal ground
layers

Mat-forming mosses and lichens in boreal forests are
key actors in the accumulation and storage of carbon at
the primary interface where soils and the atmosphere
meet. We found that ground layers were a substantial
biomass and carbon pool in boreal forests of interior
Alaska. Our finding of 4750–18,900 kg ha−1 biomass is
within the range of variability observed in other ground
layer studies in the Tanana River area (Barney and van
Cleve 1973; Mack et al. 2008), though slightly higher
than other reports that excluded fibric organic matter

(Mead 1995; Ruess et al. 2003). This gives a baseline
estimate of the current carbon pool in the ground layer,
and suggests that plot remeasurements could indicate
carbon pool trends over time in interior Alaska.

Nitrogen-fixing feather mosses are an often
overlooked part of nutrient cycles, yet they comprised
the most abundant and frequent functional group in the
Tanana River study area (Table 1 and Fig. 4). Because of
their extensive coverage in boreal regions and ability to
fix atmospheric nitrogen, cyanobacteria-harboring
feather mosses have large landscape nutrient effects.
Their sheer abundance makes up for comparatively
modest nitrogen fixation rates (when compared per unit
mass with nitrogen-fixing lichens; Gavazov et al. 2010).
Carbon fixation in moss mats represents about 20% of
all understory net primary production (Hasselquist et al.
2016), and nearly 50% of understory nitrogen fixation in
boreal forests (Lindo et al. 2013) and high-latitude tun-
dra (Stewart et al. 2011). This understory nutrient cy-
cling route regulates N availability to vascular plants, as
well as C and N mineralization rates in soils that affect
ecosystem fluxes of both C and N (Lindo et al. 2013).
Therefore, we suggest that forest inventories and dy-
namic vegetation models may consider including bio-
mass of mosses, especially nitrogen-fixing feather
mosses, to correctly portray nutrient budgets in boreal
forests.

Environmental sensitivity and consequences

We found that biomass, carbon stores and nitrogen
stores were sensitive to a topographically-derived mea-
sure of incident radiation (PDIR). This suggests that
mass accumulation in ground layers is tied to physical

Table 3 Estimated ground layer biomass, C and N by forest type
for forested lands in the Tanana River region of interior Alaska

Forest type Biomass (kg ha−1) C (kg ha−1) N (kg ha−1)

Mean SE Mean SE Mean SE

White spruce 9370 2130 4147 942 106 24

Black spruce 19,234 2062 8541 919 210 21

Aspen 5290 1905 2354 852 58 21

Paper birch 5268 852 2331 381 58 10

Balsam poplar 247 90 112 45 3 1

Nonstocked 2735 2735 1211 1211 28 28

Overall 12,397 1345 5515 583 137 15

Biomass is expressed on an oven-dry basis

Fig. 5 Uncertainty analysis outcomes. Three-tiered hierarchical
bootstrap resampling (999 replicates) gave measures of predictive
error, measured as root mean square error (RMSE). Smaller RMSE
values indicate lower predictive error. Outcomes are expressed for
three distinct levels: 1) the bulk density calibration model, 2)

predicted biomass of microquads within plots, and 3) predicted
biomass of entire plots (from left to right). Dashed lines indicate
the 25th and 75th percentiles of each distribution (lower and upper
bounds of the interquartile range).
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situations (e.g., north-facing slopes) where topography
limits direct insolation that may otherwise prevent es-
tablishment of mosses and lichens. Yet, at the other
extreme, heavy shading from dense herbaceous layers
(especially tall shrubs) could lead to competitive exclu-
sion of mosses and lichens (Cornelissen et al. 2001), a
concept supported by our finding of decreased biomass
at high forb abundances. Aside from its direct effects,
PDIR may also be an indirect indicator of waterlogging
and permafrost conditions that vary according to land-
scape position and topography. For example, growth
and accumulation in ground layers depends in part on
soil and groundwater attributes that were not directly
measured during this inventory (e.g., watertable height,
dissolved oxygen, phenolic content). Drought and fall-
ing water levels (from warming air temperatures and
permafrost thawing) can reverse the anoxic, water-
logged conditions that inhibit decomposition from peat
beneath ground layers, eventually leading to net carbon
emissions (Gorham 1991; Fenner and Freeman 2011;
Turetsky et al. 2011). Future efforts to estimate land-
scape carbon could benefit from using topographic land-
scape position as a proxy for important hydrologic and
insolation attributes.

We documented more biomass and carbon in ground
layers of old stands relative to young stands. This is

consistent with evidence that moss and lichen mats are
carbon sinks in older boreal forests, while they may be
carbon sources following recent disturbances such as
wildfires (Harden et al. 1997). This emphasizes the dual
challenges that wildfires pose to carbon storage, not
only for acute combustion losses, but also for legacy
effects that may hinder carbon uptake even decades on.
Biomass and elemental content also declined at high
levels of forb cover, suggesting that post-fire conditions
which promote forb growth in our study area could have
corresponding negative effects on ground layers. In
interior Alaska, forbs like fireweeds (Chamerion spp.)
indicate strongly disturbed sites (Dyrness and Norum
1983), and could thus indicate poor areas for ground
layer accumulation. We suspect that the negative asso-
ciation may not imply any direct impacts of vascular
vegetation, but rather that vascular forbs and nonvascu-
lar ground layers may have contrasting recovery rates
following disturbances.

Our finding of modest climate sensitivity was initial-
ly surprising given that climatic temperature and mois-
ture should be strong controls on rates of photosynthetic
carbon gain and respiratory carbon losses in ground
layers and organic soils (Biasi et al. 2008). However,
our study area was relatively homogeneous with regards
to most climate values. Greater climatic sensitivity may

Table 4 Top predictors of ground layer biomass, total carbon, total nitrogen and functional group richness (FGR) as selected by
nonparametric multiplicative regression, NPMR

Response xR2 N* p Predictor 1 Predictor 2 Predictor 3 Predictor 4

X Sens Tol X Sens Tol X Sens Tol X Sens Tol

Biomass
(kg ha−1)

0.31 4.9 0.03 age 0.35 21.5 pdir 0.23 0.09 forb 0.21 0.09 litt 0.09 2.72

Carbon
(kg ha−1)

0.31 4.9 0.01 age 0.35 21.5 pdir 0.23 0.09 forb 0.21 0.09 litt 0.09 2.72

Nitrogen
(kg ha−1)

0.27 5.4 0.01 age 0.31 21.5 pdir 0.20 0.09 forb 0.15 0.10 litt 0.08 2.63

FGR
(count)

0.35 8.7 0.01 seed 0.55 10.3 tree 0.51 0.06 pas 0.08 97.7 – – –

See also the NPMR response surfaces (Fig. 3)

xR2 : Cross-validated R2 is the proportion of variation explained by each model, based on NPMR’s leave-one-out cross-validation

N*: Neighborhood size is the average number of sample units used to estimate the response at a given point

p: Randomization p-value, the proportion of 100 randomized runs with fit ≥ observed fit

X: Predictor name (see Table 2 for symbols)

Sens: Sensitivity is a unitless measure of the relative importance of each predictor. Values = 0 indicate that perturbing a predictor has no effect
on the response. Values = 1 indicate that perturbing a predictor yields an equal-magnitude change in the response variable

Tol: Tolerance is a measure of how broadly a point estimate depends on nearby plots in predictor unit space, representing one standard
deviation of the Gaussian kernel
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be expected from steeper climatic gradients, for exam-
ple, across the Alaska Range which induces a
rainshadow in cold, dry, continental interior Alaska
and separates northern areas from warmer maritime
temperate forests closer to the Pacific coast.

Our findings provide a baseline from which to mea-
sure the direct and indirect effects of ongoing feedbacks
between global changes, vascular vegetation, wildfire
disturbances and moss/lichen ground layers. For exam-
ple, atmospheric emissions from burned ground layers,
as well as subsequent regrowth of fire-promoting

vascular vegetation, could potentially amplify climate
warming (Kasischke and Stocks 2000; Chapin et al.
2010; Turetsky et al. 2015). Insight into how ground
layers contribute to these changes would benefit greatly
from systematically collected data, which the FIA pro-
gram is now implementing in the Tanana River region as
part of a national forest inventory expansion. Anticipat-
ing regional changes in forests will require continued
monitoring of vascular and nonvascular vegetation, as
well as predictive approaches to estimating carbon
pools.

Fig. 6 Three-dimensional response surfaces showing mean car-
bon stores (top row) and mean nitrogen stores (bottom row) in
response to potential direct incident radiation (PDIR) and vegeta-
tion attributes (stand age, forb cover). Both carbon and nitrogen,
which were roughly proportional to each other, reached maximal
values at high-to-intermediate stand ages, at low-to-intermediate

forb cover, and at low insolation (PDIR). The NPMRmodel fitting
process selects among many competing models to find the subset
of variables that are most parsimonious in explaining variation in
the response while maximizing fit; it identified PDIR, stand age,
and forb cover as important predictors in explaining variation in
the nutrient responses
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Estimating carbon distributions

Mapping forest floor carbon (including litter, humus and
fine woody debris) has been a valuable product of FIA
inventories (Woodall et al. 2012; Wilson et al. 2013).
Carbon estimation in ground layers could be linked with
remote sensing approaches, which have recently been
used for mapping forage lichen cover for caribou habitat
(Nelson et al. 2013), fire effects on moss mats (Lewis
et al. 2011), peatland drought status (Harris and Bryant
2009), ecosystem productivity of moss mats (Kushida
et al. 2004), and forest floor organic carbon stores
(Pastick et al. 2014). Lidar, hyperspectral and thermal
imaging data could be calibrated with our ground layer
biomass estimates to infer regional patterns through
predictive modeling and imputation. Our determination
of the key predictors of ground layer attributes (potential
direct incident radiation, stand age and forb cover)
should aid in refining remote sensing models by ac-
counting for topography and vegetation covariates. Ac-
curately estimating carbon pools may also require new
FIA field techniques for sampling deep organic peat
increments beyond 30 cm deep (Chimner et al. 2014).
The union of field measurements, remote sensing and
predictive modeling will provide opportunities for
ground layer carbon estimation in a part of the United
States that is at the forefront of ongoing global changes.
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