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ABSTRACT

The boreal forest is the largest terrestrial biome in
North  America and holds a large portion of the
world's  reactive soil carbon. Therefore, under-

standing  soil carbon accumulation on a landscape

or regional scale across the boreal forest is useful for
predicting  future soil carbon storage. Here, we
examined  the relationship  between floristic com-
position and ecosystem parameters, such as soil
carbon pools, the carbon-to-nitrogen (C/IN) ratio of
live Dblack spruce needles, and normalized basal
area increment  (NBAI) of trees in black spruce
communities, the most widespread forest type in
the boreal forest of Alaska. Variability in ecosystem

properties among black spruce stands was as large
as that which had previously been documented

among all forest types in the central interior of
Alaska; we found an eightfold range in NBAI and
fivefold range in mineral soil carbon and nitrogen
pools. Acidic black spruce communities had signif-
icantly more carbon in the organic soil horizon

than did nonacidic black spruce communities, but
did not differ in any other measured ecosystem
parameter. We explained 48% of the variation in
total soil carbon with a combination of plant
community indices and abiotic and biotic factors.
Plant community = composition  was at least as
effective as any single environmental factor or
stand characteristic  in predicting soil C pools in
Alaskan black spruce ecosystems. We conclude that
among the community  properties analyzed, the
presence of key groups of species, overall species
composition, and diversity of certain functional
types, especially = Sphagnum moss species, are
important  predictors of soil carbon sequestration in
the black spruce forest type.

Key words: boreal carbon sequestration;  ecosys-
tem  structure; ecosystem parameters; floristic
composition;  species diversity; functional groups.

INTRODUCTION

Plant community composition both affects and is
affected by ecosystem structure and function. For
example, species composition and diversity
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strongly influence  ecosystem  processes, such as
nutrient  cycling, productivity,  decomposition rate,
and trophic dynamics, particularly if the traits of
one or a few species have strong ecosystem effects
(for example, Hooper and Vitousek 1997; Mack and
others 2004). In general, the dominant plant spe-
cies account for most of these ecosystem effects
because they account for most of the biotic pools
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and fluxes (for example, Chapin and others 199,).
Thus, biogeochemical models that incorporate
biotic diversity do so only at the level of biomes (for
example, needle-leafed  evergreen  forests versus
deciduous forests), or by incorporating two to four
major functional types within a biorne (Kittel and
others 2000). Although some studies have begun two
study the effect of sub-dominants on ecosystem
processes (for example, Chapin 1983), there is less
information  on the extent to which variation in the
diversity of srnall-starured or sub-dominant plants
either reflect or influence forest ecosystem pro-
cesses at the regional or landscape-scale.  Here we
ask whether knowledge of understory plant species
composition and diversity improves the prediction
of @ key ecosystem property, soil carbon (C) stor-
age, relative to predictions based only on environ-
ment and stand structure alone.

As one of the largest terrestrial biome on Earth
(Whittaker 1975), the boreal forest covers an
extensive part of North America, most of which has
not been substantially modified by human activity.
The boreal forest is important in the context of
global change because of its large stock of soil C,
and the speculation that it may respond to changes
in climate or disturbance regime (Goulden and
others 1998; Randerson and others 2006). In
addition, the boreal forest is comprised of only a
few tree species and has lower ‘'vascular plant
diversity than the biomes to its north or south.
Chapin and Danell (2001) suggested that due to its
low species diversity, community and ecosystem
processes are more sensitive to landscape-scale
variations in plant community types than to broad
latitudinal ~ patterns of climate.

Black spruce (Picea mariana) dominated com-
munities  cover over 40% of' the interior Alaska
region across a broad variety of environmental
conditions  (Van Cleve and others 1983a). The black
spruce ecosystem plays a critical role 'in the global C
cycle because it contains more C per unit area than
other major boreal forest ecosystems in North
America, and high C contents at or near the soil
surfaces make the black spruce ecosystem  ex-
tremely susceptible to C release under a warming
climate (Goulden and others 1983b). Previous re-
search in the black spruce ecosystem of boreal
Alaska focused on the relationship between soil C
dynamics and nutrient cycling (Chapin 1983; Van
Cleve and others 1983b), fine root production
(Ruess and others 2003); Vogel and others 2005),
and abiotic factors (Van Cleve and others 1990,
Kane and others 2005). From these and other
studies in Canada (for example, Bisbee and others
2001; Dioumaeva and others =2o003), we know that

soil temperature and moisture, presence and depth
of permafrost, age since disturbance, and litter
quality control soil C storage in black spruce forests.
However, there has been little or no research on
the relationship  between soil C patterns and re-
gional plant community characteristics in Alaskan
black spruce forests.

There are substantial differences in C pools and
fluxes among Canadian black spruce communities
that differ in dominant ~moss species and stand
structural  characteristics,  such as stand density
(Harden and others 1997); O'Connell and others
2001b), and there s also evidence that the black
spruce communities  of interior Alaska vary sub-
stantially in plant community composition (Viereck
1973); Hollingsworth  and others 2006). A recent
classification of black spruce communities revealed
that floristics vary most strongly with changes in
mineral soil pH and soil drainage regime (Hollings-
worth and others 2006). The acidic black spruce/
lichen forest is dominated by fruticose lichens and
many species of mosses, whereas the nonacidic
black spruce/rose/horsetail forest is characterized by
greater vascular plant diversity, especially various
species of Bquisetum (Hollingsworth and others
2006). This floristic classification provides a frame-
work for examining the relationship  of species
composition and diversity to ecosystem properties,
such as soil C, across the boreal region of Alaska.

The objectives of this article are to link plant
community structure to ecosystem properties to aid
in our prediction of where on the landscape in
interior Alaska we might expect soil C storage to be
the greatest. Although plant community composi-
tion can covary with changing environmental fac-
tors, we were interested in detecting variation in
soil C storage as predicted by species composition.
We first describe the regional variation in tree
growth/aboveground tree productivity, C/N ratio of
live needles, and soil C of black spruce communi-
ties, then link community patterns of species com-
position and diversity and environmental  variables
to patterns in these ecosystem properties. Finally,
we delineate sites based Oil community type and
reexamine the patterns of soil C in that context.

METHODS
Field Measurements and Sampling

We studied 32 sites along a climate/latitudinal

transect from the Alaska Range (Latitude ~63°N) to
the Brooks Range (Latitude ~67°N) covering
approximately 25,000 km? to include a wide range
of variability in both community  structure and




function because we were interested in regional
and landscape-scale  patterns in ecosystem param-
eters (Figure 1). For ease of interpretation and
discussion.  these sites were grouped into study
areas: The Northern study area (north of the Yukon
River), the Fairbanks study area (within 100 km of
Fairbanks), the Delta study area (within 50 km of
Delta Junction), and the Taylor study area (along
tile Taylor highway near the Canadian/Alaskan

border). Interior Alaska has a continental climate,
with a relatively constant  climate  (Figure 1);
however,  topographical  effects on local climate
modify regional climate through  moisture and
temperature redisrributions. called inversions
(Hinzman and others 2o006). It was not feasible to

establish climate monitoring  stations at all sites,
therefore. we captured  variations in climate
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through measurements of soil moisture  and
topography  (slope position, angle, and direction).
The 32 sites are a subset of a larger study that
documented  the regional variability in black spruce
plant community  composition  (Hollingsworth  and
others 2006), in which a floristic classification was
developed, and reflect the full range of floristic
composition  and variability  encountered in the
larger study. We selected sites along a topose-
quence (summit, shoulder, sideslope, toeslope, and
valley bottom), wherever this was feasible. The
lowest elevation site was 190 m and the highest
elevation site was 876 m. We used a modification
of the centralized replicate sampling procedure and
subjectively ~ chose plot locations in areas of
homogeneous  vegetation that were dominated by
a black spruce overstory  (Mueller-Dombois and
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Ellenberg 1974). At each site, we established a
10,000 m? plot. If this area encompassed major
changes in vegetation or topography (that is, if the
plot included both the summit and the shoulder of
a hill), the area of the site was reduced or moved to
encompass a single topographic unit. Within each
plot, we conducted a releve, defined as a vegetation
sample or stand, that included a list of all plant
(vascular and nonvascular)  species present and a
visual estimate of percent cover of each species
using the Braun-Blanquet cover-abundance scale
(Mueller-Dombois and Ellenberg 1974; Hollings-
worth and others 2006). Latitude and longitude
were measured using a Trimble Geoexplorer 3 GPS
unit and physical characteristics of the site (slope,
aspect, elevation, topographic position, and parent
material) were recorded. We cored five to ten of the
largest black spruce trees (which does not neces-
sarily correlate with the oldest trees in the stand,
but likely the most productive trees in the stand) in
each site as close to the base of the tree as possible
to estimate the age of the oldest trees and tree
growth rates. In addition, black spruce stands in
interior Alaska are typically single cohort stands
that arise from stand-killing fires. We employed the
point center quarter method (PCQ) (Mueller-
Dombois and Ellenberg  1974) randomly at live
points in each site to quantify density (trees per
hectare) of trees in the stand.

Sites were revisited in September or October of the
same year to measure maximum thaw depth, to
collect tree needles, and obtain replicate soil cores for
each site. We collected soil in two ways: First, soil
samples were collected from the uppermost 15 cm of
mineral soil of a soil pit and percent soil moisture, soil
texture, and mineral soil pH were determined fol-
lowing the methods of Walker and others (1994).
These samples are called "Sample A". Second, we
selected three random locations within each site,
where we collected a known volume of organic soil.
The underlying mineral soil was then sampled vol-
umetrically with a Giddings soil corer to a minimum
depth of 15 cm at all sampling locations. Frequently,
rocks or ice prevented consistent sampling of deeper
soils; however, a large proportion of the total reac-
tive soil organic matter pool is contained in the or-
ganic and surface mineral soil. These soil cores were
separated in the field into organic and mineral
horizons (n = 3 cores per site). These samples are
called "Sample B".

Laboratory Analysis

Sample A mineral soils were air dried, weighed,
sieved, and sent to the UAF Palmer Research Station

for determination  of mineral pH and soil texture,

Sample B organic soils were further separated by
horizon (Oi. Oe, and Oa) and Sample B mineral soils
were separated by depth; the top 5 cm (approxi-
mately corresponding to the A horizon) and a 5-
15 cm layer (approximately corresponding to a B

horizon). Sub-samples from each horizon of each
core were dried, ground. and acidified to remove
carbonates. Soil Cand N were then measured using a
Costech elemental analyzer configured for carbon
and nitrogen (Valencia, CA). We used these data
together with the horizon bulk density and thickness

to calculate total organic C and N density per unit
area down to 15 cm mineral soil. We calculated C
and N pools for total soil, organic soil, and mineral
soil, because vegetation properties may affect or-
ganic soil more strongly than mineral soil Cand N
pools, which may also reflect surface properties of
soil minerals.

We separated current year's needles and the
previous year's needles from a composite sample of
10-20 shoots from randomly selected black spruce
trees per site. After drying the needles at 25°C for
48 h. needles from each age class were composited,
ground to a fine powder, and analyzed for Cand N
content using the same methods wused for soils. To
assess the analytical quality of our C and N needle
data, we ran three sub-samples from 10 sites and
found no significant difference in C or N values
within any particular site. C/N ratios were calcu-
lated to provide a general measure of litter quality.

Annual growth rings were counted with a micro-
scope and visually cross-dated (Swetnam and others
1985). The number of years the tree look to grow to
the cored height was estimated by a regression
equation that relates seedling height to age of black
spruce trees on the Kenai Peninsula, Alaska (Dev-
older 1999). These ages were analyzed in 10-year age
classes to account for errors in those estimates.

To infer aboveground tree productivity we report
"basal area increment" (BAI). Typically, BAI is
calculated by first calculating the average radius
per year where: Average radius for each year =
summing all ring widths/number  of rings. Then
average diameter  per year is calculated by:
diameter = 2 * (Average radius). However, BAI
does not take into account year-to-year  dynamics
(for example. competition, changes in climate, and
microtopography) (A. Lloyd, personal communi-
cation). Therefore, the last 11 years of growth were
used to compare across stands to infer current
aboveground tree productivity.  First, a radius was
calculated by adding growth rate increments from
the pith to the beginning of the last 11 years of
growth. An area for this inner circle or "inner area"
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was then calculated based on this radius using the
formula (X- (X- )X I for year X) to leave
only the area for the ring in question. BAI is then
expressed as a percentage of the overall basal area
up to the previous year to compare growth rates for
many sites and tree sizes; this BAI value is then
normalized to the inner area [Normalized BAI
(NBAI)] (Atkins and others; 1998) . NBAI for the last
11 years' growth was then averaged for each tree
and then for the site.

Statistical Analysis

Classification.  Sites were classified purely based
on their species composition, which strongly corre-
sponded with the pH of the mineral soil. Therefore,
instead of referring to the black spruce communities
based on their floristic names, we use the conven-
tion set forth by Walker and Everett (1998) by
naming floristically derived communities based on
their pH tendencies (either acidic or non acidic black
spruce  communities). Brauri-Blanquet floristic
names can be found in Hollingsworth and others
(2006). Of our 32 sites 15 were part of the acidic
black spruce community, 15 were part of the non-
acidic black spruce community, and two were lati-
tudinal treeline  sites. The treeline sites were grouped
with the nonacidic black spruce community because
of the high simila rity for a majority of species.

Ordination. A nonmetric multi-dimensional
scaling (NMDS) ordination was run on all sites
using the program PC-ORD 4.25 (McCune and
Mefford 1999) to detect the main patterns in spe-
cies composition, based not only on the presence.
but also the abundance of each species. NMDS
provides a quantitative method of separating sites
based on species composition. Axis scores for each
site were produced and these scores were then used
as a measure of whole-site plant species composi-
tion for future analyses.

We used independent  sample r-tests (equal var-
iance not assumed) to test for differences in means
of NBAI C/N ratio, and soil C between acidic and
nonacidic  black spruce communities.  Pearson cor-
relation coefficients were used to correlate the CIN
ratio of soil and needles, NBAI soil N (g N m-2,
and soil C (kg C m?. We ran ordinary
regressions to examine total soil C as a function of
stand age and NBAI.

We were interested in predicting differences in
soil carbon pools based on plant community char-
acteristics ~ (richness and composition), therefore,
we ran a stepwise multiple regression to explore
the correlations  between plant community  and
ecosystem  patterns, abiotic variables, and soil C

least square

pools. This employed the best subset regression

method (removal P = 0.10), including nonredun-

dant variables. We report only the best-tit model
(that is, highest amount of variance explained and
the most significant). It is recognized that there are
many criterion methods for assessing the "best-fit"

model. and we therefore report both the R’ and the
adjusted R% Our "best-fit" model was determined

by the adjusted R* The adjusted R® is a more

accurate criterion for evaluating the best-fit model
because it takes the number of parameters into
account through the degrees of freedom. Percent
variance explained s, therefore, based on the ad-
justed R? values. We also report Beta values
(regression  coefficients standardized by converting

to Z scores), which were used to assess the relative
importance  of each wvariable to the regression
model. Beta values (b) indicate the portion of var-
iance in a dependent variable that can be attributed

directly to an independent variable, and are
often termed “path coefficients" (Mitchell 1993).
Descriptive  statistics were run on dependent vari-
ables to test for normality, and Pearson correlation

coefficients and a high variance inflation factor
(VIF) (VIF > 10) were used to assess multi-collin-

earity among independent  variables. The depen-
dent variables for our model were total soil C, soil C
in the organic soil, and soil C in the mineral soil
(kg C m-3. All independent variables used in the
multiple regressions are listed in Table 1. All t-tests.
correlations, and regression analyses were per-
formed in SPSS version 11.0.2.

RESULTS

Regional Variability in Ecosystem
Function

There was a wide range of values for each ecosys-
tem parameter among the 32 black spruce study
sites sampled (Figure 2, Table .2). Normalized basal
area increment (NBAI), an index of aboveground

tree productivity)  varied eightfold across the sites
(0.004-0.027, mean = 0.012 + 0.001%), C/N ratio
of first year needles varied threefold (23.5-64.3,
mean = 48.5 + 1.5), soil C pools varied fivefold
(4.4-24.7, mean = 10.8 + 0.73 kg Cm-3, and soil
N pools varied tenfold (172.0-1237.9, mean =
4755 + 34.0 g Nmi%  Figure 2, Table 2). Across

all sites, total soil Nand C were highly correlated

(r = 0.936, P = 0.0001) (Table 3), therefore, only

soil C was used in the multiple regression analy-
sis. Soil C/N, an index of organic matter quality,
was moderately correlated  with total soil C
pools (r = 0.42, P = 0.022) (Table3), but not
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significantly  correlated with either the organic or
mineral layer C pool. NBAI was a weak predictor of
total soil C (R?® = 0.161, P = 0.030) among these
relatively mature stands (44-295 years), but there
was no significant relationship  between stand age
and total C content (Figure 3b).

Acidic and nonacidic black spruce community
types did not differ significantly in NBAI, needle
CIN ratio, or total soil C pools. However, there was
significantly more C stored in the organic layer of
acidic than nonacidic black spruce community types
(t =-235, P =0.027) (Figure 4). It is important to
note that total soil C was barely nonsignificant
(P = 0.05) and, therefore, this difference in total soil
C is most likely ecologically meaningful.

Regional Floristic Variability

An NMDS ordination was run on all sites. The
Monte Carlo test of significance showed a P-value
of 0.0467 for all six axes run. From these results we
conclude that the best of the 1-D to 6-D solutions
provide significantly = more reduction in stress
that expected by chance. There were 264 iterations
for the final solution. The final instability value was
0.00049 and a final stress of 16.47840. From this
ordination, we obtained Axis 1, 2, and 3 ordination

values for each site (Table 2). These ordination axes
values are a measure of the overall floristic com-
position of these sites and were used in further
analyses.
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Predictors of Regional Soil C Pools

We were interested in abiotic and biotic variables
that predict soil C pools at the regional scale of
interior Alaska. We looked at the soil C pools across
all sites in three ways using a multiple regression
approach. We considered total soil C (organic plus
surface mineral), C found in the organic horizon
alone, and C found in the surface mineral soil alone
because the relative importance of biotic versus
abiotic controls over soil C storage might differ for
the organic and mineral horizons.

Total Soil C Poolsfor all Sites. Plant community
composition  was at least as important as abiotic or
stand characteristics in predicting total soil C, when
all sites were considered together. Sphagnum rich-
ness, Axis 1 of the NMDS ordination (floristic
composition  related to soil acidity) and Axis 2
(floristic composition  related to soil moisture) were
Significant predictors of total soil C (Table 4). Sail
mineral pH was the only abiotic variable, and stand
age and NBAI, an estimate of recent productivity,
were the only stand variables that were significant
predictors of total soil C. The regression model ex-
plained 48%) of the total variance in total soil C
across all sites (F-value = 5.47, P = 0.001, df= 6),
with the majority of this variance being explained
by Axis 1 (b = -0.75) and pH (b = -0.62).

C in the Organic Soil for all Sites. Within the soil
organic horizon across all sites, higher C storage
was associated with lower aboveground production
of black spruce trees, and in wetter sites occurring
in slightly sloping or lowland areas. No plant
community  composition traits were good predictors
of soil C in the organic soil (Table 1). The multiple
regression  model explained 35% of the overall
variance in soil Cin the organic layer across all sites
(F-value = 5.10, P =0.004, df =4), with aspect
(b= o0.48), and NBAI (b = -0.43) explaining the
most variance.

Cin the Mineral Soil for all Sites. Within the soil
mineral layers across all sites, higher Camounts were
associated with acidic, steep slopes, slower above-



ground tree growth, and higher vascular and moss
species richness (Table -1). The multiple regression
model explained 41 '1<of the total variance in the C of
the mineral soil across all sites (F-value = 3.84,
P = 0.007, df= 7), with aspect (h = -0.73) and Axis 1
th = -0.57) explaining the most variance. Slope had
an opposing effect on predicting soil C in the organic
and mineral horizons, whereas NBAI showed a con-
sistent negative correlation  with organic, mineral.
and total soil C.

Predictors of Soil C Pools within
Communities

Because plant community  composition  (NMDS
Axis 1) (which is highly correlated with mineral
soil pH acidity) was such a strong predictor of total
soil C across all sites (Table ‘1), we evaluated the
con trois over soil Cin acidic (n = 15) and nonacidic
@ = [7) community types separately.

The Acidic Black Spruce Community. Total soil C
pools: Within the acidic black spruce community,
larger total soil C pools were associated with a
greater C/N ratio of the needles, suggesting that
controls  over decomposition (that is, C/IN ratio
reflecting litter quality) or overall site fertility could
be important  controls over soil C pool size
(Table i). Variation in the C/N ratio of live needles
explained 31% of the overall variance in total soil
C in the acidic black spruce cornrnunity variation
(F-value = 6.712. h = 0.60, df~ 1) (Figure "c).

C in the Organic Soil: Larger C amounts in the
organic layer were associated with lower moss
richness, a higher C/N ratio of the live needles, and
lower Axis 3 values, floristic composition associated
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with productivity ~ (Table 1). These variables to-
gether explained 70% of the variation in C storage
in the organic layer (F-value = 12.02, P = 0.001.
df = 3) with Axis 3 (b = -0.79) and moss richness
(b = -0.76) contributing greatly to the variability.
This suggests a strong relationship  between  moss
richness, soil acidity, and soil carbon amounts.

C in the Mineral Soil: Larger C amounts in the
mineral soil were associated with sites on steeper
slopes and a higher C/N ratio of the live needles of
this type (Table 1). The regression model explained
36% of the overall variation in C pools in the
mineral  soil (F-value = 4.62, P =0.035, df = 2)
with  slope contributing more to the model
(b = 0.51). Live needle CIN ratio correlated posi-
tively with soil C pools in both the organic and
mineral horizons and total soil C content on an
area basis in the acidic community.

The Nonaddic Black Spruce Community. Total Soil C
Pools: Within the nonacidic community type, larger
total soil C pools were associated with younger, rel-
atively moist sites with high Sphagnum richness and
lower rates of aboveground tree  production
(Table 4). The model explained 73% of the variation
in soil C (F-value = 11.32, P = 0.001, df= 4) with
the largest  contribution from  soil moisture
(b = 0.55) and Sphagnum richness (b = 0.46).

C in the Organic Soil: Larger C amounts were
associated with lower aboveground tree production
and higher Sphagnum richness in this type. These
variables explained 56% of the total variance in soil
C in the organic layer (F-value = 6.72, p = 0.010,
(df =2) and NBAI contributed the most to the
overall variance (b = -0.49).

Cin the Mineral Soil: In the mineral soils of the non-
acidic community type, higher total soil C was associ-
ated with wet young, lowland or flat sites with a
shallow active layer (Table 4). The regression model
explained 71% of the total variance observed (F-va-
lue = 10.74, P = 0.00 1, df = 4) with active layer depth
(b = -0.49) contributing the most to the model.

DISCUSSION

Regional Variability in the Black Spruce
Ecosystem in Interior Alaska

Many ecosystem studies in interior Alaska have
concentrated  around the Fairbanks study area (for
example, Van Cleve and others 1990) Ruess and
others 2003, Vogel and others 2005). However,

the fivefold range in surface mineral soil C pools
(2.4-13.3 kg C m™ observed across interior Alaska
was larger than the range of values in mineral soil
reported across a range of black spruce forest stands
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within  the Fairbanks study area (4.1-10.4 kg C the

m™®. More remarkably, —mineral soil C pools re- (Van Cleve and others 1983b). This broad range of
ported here are almost as great as the range of values values was also observed for mineral soil N pools

reported across five different forest types within (110-554 gNm™? as compared to 190-406 g N

Fairbanks  study area (3.0-18.1 kg C m™®
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m'2) and mineral soil C/N (13-29 as compared to 11
in birch stands to 30 in black spruce stands)
(Figure 2, Table 2) (Van Cleve and others 1983b).
In addition, stand density varied 20-fold (639-
13,212 trees/ha) which are larger ranges of values

than those reported across a range of successional

stands in the Fairbanks area (261-4,730 trees/ha)

(Table 2) (Viereck 1983). These results clearly indi-
cate that regional variation in forest structure and
function  within the black spruce ecosystem s as
great as among-ecosystem  variation within a land-
scape or study area. This breadth of variation is
probably more pronounced  within the black spruce
ecosystem than in other conifer or hardwood types
in boreal Alaska, because of the wide range in
environmental conditions in which black spruce can

survive and grow (Viereck and Johnston 1990).

Predicting Regional Variation in Soil C
Pools

Most of the variation in ecosystem parameters re-
flected variation within, rather than among, geo-
graphic study areas (Figure 2). All of the four study
areas included acidic and nonacidic communities,
making it unlikely that differences in ecosystem
processes between these community  types were
inadvertent consequences of regional variation in
climate or other underlying factors. Topography
was the primary landscape factor that drove vari-
ation in ecosystem  patterns across all sites. Topog-
raphy generates strong differences in soil moisture
(ridgetop  versus valley bottoms) and temperature
(north  versus south facing slopes; ridge versus
valley bottom) that in turn drive regional variation
in ecosystem dynamics (Van Cleve and others
1990 Kane and others. 2005). Topographic varia-
tion in interior Alaska, probably accounts for much
of the differences in vegetation and ecosystems
when comparing interior Alaska to other areas of
the boreal forest. For example, abundance of
peatlands in continental Canada is often attributed
to the gentle topography in continental  Canada
(Kuhry and others 1993), whereas in interior
Alaska. peatlands are restricted to lowland areas
(Chapin and others 2006).

Total soil C pools were larger (P = 0.055) in
acidic than in nonacidic black spruce communities,
due to differences in organic-horizon C (P = 0.027),
although  no difference in surface mineral soil C
was  detected. This  observation suggests  that
regional and landscape variations in soil acidity
affected C accumulation indirectly through
ecosystem  processes rather than heing a direct pH
effect on soil C accumulation.

The Importance of Plant Community
Composition

Plant community composition was at least as effec-
tive as environmental  or abiotic and stand charac-
teristics in predicting soil C pools among 32 sites
across interior Alaska (Table 1). This could occur if
plant community  composition was more sensitive
than stand structural  characteristics to important
environmental  variables. Axis 1 of the NMDS ordi-
nation was the most Significant predictor of tutal soil
C. and half of the variables that contributed signifi-
cantly to the multiple regression predicting total soil
C pool were floristic in nature: Axis 1. Axis 2, and
Sphagnum richness. Community  floristic variables
were equally important when considering variation
in the mineral horizon (Axis 1. vascular richness,
and moss richness). Across all sites, young, acidic
stands with high Sphagnum richness had the largest
pools of total soil C (Table 4). Soil moisture alone
was not a significant predictor of total soil C pools,
although it was significantly negatively correlated
with organic soil C pool (Table 4). Therefore, com-
munity composition may be a more effective time-
integrated  measure  of soil moisture than direct
measurements of soil moisture, which are also
strongly influenced by recent weather.

It is not surprising that soil moisture, aspect,
active thaw depth, and other abiotic factors appear
as important  predictors throughout the regression
models, as these factors have been shown to
influence C storage on the regional scale in boreal
forests as well as other systems ( Liski and Westman
1997). The unique contribution of the results pre-
sented here is that the ordination axes, which
represent  differences in plant species composition
among sites, do a good job of representing inte-
grated environmental conditions, and could reflect
processes that directly influence soil C storage. By
holding the species composition of the overs tory
(black spruce) constant, we increase the likelihood
of detecting the relationships  between understory
species composition and soil C. We suggest that
some of these sub-dominant  functional groups (for
example, Sphagnum) interact with the environment
to directly drive forest processes. If correct, this has
large implications  for regional extrapolation  and
modeling, which are typically purely based on the
remotely sensed distributions  of overstory domi-
nants (for example. McGuire and others 2002. Our
study suggests that direct experimental —work link-
ing black spruce understory  species composition
(richness and abundance) to carbon accumulation
is needed to fully understand and model carbon
dynamics in the boreal forest of Alaska.
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Overall plant species composition. as measured
by the NMDS ordination scores for each site, was
not as significant a predictor of soil C pools either
within acidic or nonacidic community  types, only
Axis 3 was significant, and only in the acidic
community type (Table 1). Instead, measures of
species richness, such as vascular plants, moss, and
Sphagnum became important.  This is a logical con-
sequence of the reduction in variation of overall
species composition  within, compared to among,
communities. It suggests that within a given black
spruce cornmunity type, the presence of particular
species, and not abundance of that species, is most
tightly linked to variation in soil C. When only
acidic communities were considered, moss richness
became the most significant predictor of total soil C
and when only nonacidic sites were considered
Sphagnum richness was a highly significant predic-
tor of soil C pools. Due to the complex interactions
between community patterns, abiotic factors, and
ecosystem  processes, the causes for these correla-
tions are not fully understood. However, we sug-
gest that plant diversity and composition  are
important  integrative  variables that capture the
environmental heterogeneity ~ that also affects pat-
terns of biogeochemical cycling. This could occur if
variation in biotic diversity and composition were a
consequence  of C accumulation that reflected the
long-term  physical nature of a site and/or if varia-
tion in biotic diversity and composition of the
community are important  determinants of C
accumulation  and soil environment.

In particular, it seems clear that bryophytes con-
tribute  significantly, not only to the diversity of
black spruce communities of interior Alaska, but
also to the functioning of these ecosystems, In fact,
the wetter black spruce sites studied here have
similar nonvascular  species composition to other
wetlands  (rich and poor fens and bogs) (Camill and
Clark 1998) across the circumboreal region. Mosses
are excellent indicators of local conditions in peat-
lands, including water chemistry, height above
water table, depth to permafrost, and whether a
pearland is ombriotrophic ~ or minerotrophic (for
example, Kuhry and others TIiSq; Vitt and others
2000y, For example, in central Canada, permafrost
is restricted mostly to acidic ombriotrophic  bogs
(Vitt and others 1994) and localized permafrost bogs
are one of the most bryologically diverse peatland
types in boreal Canada (Beilman 2001), In addition,
the presence of key species such as Sphagnum fuscum
has been shown to affect local-scale peatland sta-
bility (Carnill and Clark 1998) It is therefore likely
that moss diversity and the presence of key Sphag-
num sp. in acidic black spruce communities s likely

linked to underlying ecosystem processes such as
permafrost dynamics, which have a huge effect on
soil C accumulation (for example, Turetsk y and
others 2000; Vitt and others

Importance of Abiotic Factors and Stand
Structural Characteristics

The fact that community composition and diversity
were strong predictors of soil C accumulation
(previous section) does not mean that the physical
environment  is not important. The relationships
that we observed between abiotic and stand char-
acteristics and soil C pools provide insight into the
potential  mechanisms by which  environment
controls soil C accumulation in boreal black spruce
forests. For example, the consistent negative cor-
relation  between  aboveground  tree productivity
and soil C pools (organic, mineral, and total soil C)
suggests that factors controlling  decomposition
were more important than factors controlling pro-
duction as causes of regional variation in soil C
pools, assuming that tree productivity correlates to
overall ecosystem productivity  (Mack and others
2008). In turn, thick organic mats may constrain
productivity.  The generally weak negative rela-
tionship between stand age and soil C accum ula-
tion (Table 4) supports Harden and others' (1997)
suggestion that black spruce sites may accumulate
carbon only to the age of 80-100 years (younger
than most of these stands) and in lact. older black
spruce stands could be releasing carbon from the
soil (Ruess and others. 2003). Our results, together
with these other studies, suggest that stand age
may have complex and unexpected effects on re-
gional carbon budgets and warrant further study.

The lack of relationship  between stand density
and soil C pools (across all sites) has practical sig-
nificance because it suggests that some remotely
sensible aspects of stand structure, like density. are
not necessarily good predictors of soil C pools across
interior Alaska. Many process-based  studies have
used structure as a proxy of productivity and age
(as a stand gets older, it gets less productive and
more open in stature) (for example, Van Cleve and
others 1983b), However, these results, coupled
with previous work looking more specifically at
community  structure  (Hollingsworth  and others
2006), suggest that, on the regional scale of interior
Alaska, density is not a good indicator of stand-
level composition and ecosystem processes, These
results are similar to those of Litton and others
(2004) who suggested that C allocation patterns in
post-fire lodgepole pine ecosystem are indepen-
dent of tree density.
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Live needle c¢/N ratio and active layer became
significant  contributors  to predicting soil C pools
within acidic and nonacidic black spruce commu-
nities (respectively). Live needle c¢/N ratio, which
made no significant contribution to the model of
total soil C storage across all sites, contributed
most  significantly  in explaining all soil C pools
(organic, mineral, and total) within the acidic
black spruce  community. The reason for the
appearance  of c/N ratio as a predictor of soil C in
acidic sites is unclear but may relate to low N
availability, leading to reduced tissue N (high leaf
C/N ratio) in the most acidic sites, where C storage
is most pronounced.  Active layer was a significant
predictor within the nonacidic black spruce com-
munity suggesting that the presence and depth of
permafrost  is particularly important in this com-
munity  type.

CONCLUSIONS

These results clearly demonstrate the tremendous
range in soil C storage within the black spruce
forest type of interior Alaska. This variation appears
unrelated  to regional differences in climate and,
therefore, is most likely biological or microclimate
related. In addition, understory community com-
position was at least as effective a predictor of soil C
pools as were the abiotic and stand structural
characteristics ~ that are typically used in models to
simulate  soil C dynamics across the interior Alas-
kan region. In particular, it appears that the pres-
ence of key species and diversity of certain
functional ~ types, such as Sphagnum: rather than
abundance  or overall species richness, are good
predictors  of black-spruce soil C storage.

The tight coupling between vegetation and the
environment make it difficult to disentangle the
cause and effect relationship between topography,
vegetation, and soil C storage in an observational
study. but there is likely truth in both interpreta-
tions. The rich literature on plant functional types
and the diversity-function relationship  indicates
that variation in florisuc composition should affect
most ecosystem  processes, including soil C storage.

Conversely, variations in soil C storage will likely
alter nutrient  availability and other ecosystem
properties in ways that alter the competitive bal-

ance among species and, therefore, floristic com-
position.  We, therefore. suggest that inclusion of
vegetation com posit ion in studies of ecosystem
processes such as C balance may provide insights
that are overlooked when only physical and
biogeochemical properties  or biome types are
considered.
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