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ABSTRACT

Without canopy-opening fire disturbances, shade-
tolerant, fire-sensitive species like red maple (Acer
rubrum L.) proliferate in many historically oak-
dominated forests of the eastern U.S. Here, we
evaluate potential implications of increased red
maple dominance in upland oak forests of Ken-
tucky on rates of leaf litter decomposition and
nitrogen (N) cycling. Over 5 years, we evaluated
mass loss of leaf litter and changes in total N and
carbon (C) within six leaf litter treatments com-
prised of scarlet oak, chestnut oak, and red maple,
and three mixed treatments of increasing red maple
contribution to the leaf litter pool (25, 50, and 75%
red maple). Over a 1.5-year period, we conducted a
plot-level leaf litter manipulation study using the
same treatments plus a control and assessed chan-
ges in net nitrification, ammonification, and N
mineralization within leaf litter and upper (0-5 cm
depth) mineral soil horizons. Red maple leaf litter

contained more ‘““fast” decomposing material and
initially lost mass faster than either oak species. All
litter treatments immobilized N during initial stages
of decomposition, but the degree of immobilization
decreased with decreasing red maple contribution.
The leaf litter plot-level experiment confirmed
slower N mineralization rates for red maple only
plots compared to chestnut oak plots. As red maple
increases, initial leaf litter decomposition rates will
increase, leading to lower fuel loads and more N
immobilization from the surrounding environ-
ment. These changes may reduce forest flamma-
bility and resource availability and promote red
maple expansion and thereby the ““mesophication”
of eastern forests of the U.S.
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INTRODUCTION

In temperate deciduous forests of the eastern U.S.,
“multiple interacting ecosystem drivers”” (McEwan
and others 2011) including decades of fire sup-
pression, climate change, and changes in herbivore
populations have facilitated the proliferation of
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shade-tolerant, fire-intolerant species into histori-
cally oak-dominated stands (Abrams 1992). In
many areas, the ‘‘super-generalist” red maple (Acer
rubrum L.) dominates the seedling and sapling pool
beneath the oak (Querus spp.) overstory (Abrams
1998). Oak seedlings, which have relatively high
light requirements and a conservative growth
strategy, require periodic disturbances to open the
canopy and promote height growth (Abrams 1992).
In an undisturbed understory, shade-tolerant, fast-
growing species like red maple outcompete oaks
(Lorimer 1984). Although overstory oaks still
dominate stands in eastern forests, many
researchers predict a compositional shift following
mortality of the current canopy dominants in the
absence of successful restoration attempts (Goins
and others 2013). Numerous attempts have been
made to restore fire to these forests and halt com-
positional changes, but results are highly site-spe-
cific and largely inconclusive (Arthur and others
2012).

If oak forests shift to those dominated by red
maple or other shade-tolerant species, there will be
numerous consequences for forest ecosystem
function. Wildlife populations will be negatively
impacted by the loss of a mast species (McShea
2000; Rodewald and Abrams 2002), and changes to
leat litter characteristics that influence forest pond
habitats (Rubbo and Kiesecker 2004) and ground-
nesting sites for songbirds (Fox and others 2010).
Changes in bark and canopy structure will affect
stemflow and throughfall inputs, thus forest
hydrology and nutrient cycling (Alexander and
Arthur 2010). Forest flammability, and our ability
to remove fire-sensitive species via prescribed fire,
will decrease because of differences in leaf litter
morphology and chemistry that render red maple
leaf litter less flammable than that of oaks (Kreye
and others 2013). As fires become less and less
frequent, and fire-sensitive species grow to matu-
rity, these forests may reach an irreversible state
(that is, “tipping point’’), where restoration via
prescribed fire or other stand management tech-
niques is impossible (Abrams 2005; Nowacki and
Abrams 2008). Thus, understanding the influence
of rapidly proliferating species like red maple on
ecosystem structure and function is an essential
part of predicting forest change under alternative
states.

The primary objective of this research was to
assess the impacts of increased red maple abun-
dance in historically oak-dominated forests of the
eastern U.S. on long-term (5 years) decomposition
rates using a litter bag study and changes in forest
floor nitrogen (N) cycling via a plot-level experi-

mental manipulation of leaf litter species compo-
sition. We were interested in how increased red
maple contribution to the leaf litter pool influenced
decomposition because this is the major pathway
by which organic material is removed from the
ecosystem and nutrients are recycled; thus, chan-
ges in decomposition associated with shifts in forest
composition can have cascading effects on forest
floor fuel loads (Brooks and others 2004), C accu-
mulation and storage (Cornwell and others 2008),
and N availability (Ashton and others 2005; Hick-
man and others 2013).

We hypothesized that as red maple contribution
to leaf litter increases, rates of decomposition and N
cycling would increase due to presumably higher-
quality leaf litter of red maple compared to that of
two dominant oak species, chestnut (Q. montana
Willd.) and scarlet oak (Q. coccinea Miinchh.). We
expected that there would be ‘“‘non-additive” ef-
fects (Gartner and Cardon 2004) of adding red
maple leaf litter to oak leaf litter that may reflect
changes in the physical, chemical, or microbial
characteristics of combined litter types compared to
single litter types (Chapman and Newman 2010).
Based on findings from this and related studies
(Alexander and Arthur 2010; Kreye and others
2013), we constructed conceptual models illus-
trating the various mechanisms by which increased
red maple dominance could influence forest flam-
mability and resource availability, creating a posi-
tive feedback to its own growth and continued
“mesophication” (Nowacki and Abrams 2008) of
forests of the eastern U.S.

METHODS
Study Area

Studies were conducted on Klaber (37°51'N,
83°37°W) and Whittleton (37°46’N, 83°39'W)
Ridges in Menifee and Powell Counties of eastern
Kentucky. These ridges were selected because of
their ease of access and because extensive datasets
exist for the area (Arthur and others 1998; Blan-
kenship and Arthur 1999, 2006; Kuddes-Fischer
and Arthur 2002; Alexander and Arthur 2010).
Both ridges are non-contiguous and located in the
Cumberland Ranger District of the Daniel Boone
National Forest (DBNF) which is part of the Red
River Gorge Geological Area, Cliff Section of the
Cumberland Plateau (37°46’N, 83°39'W).
Ridgetops are xeric and consist of a diverse
assemblage of tree species. Oaks [scarlet oak
(Q. coccinea Miinchh.), chestnut oak (Q. montana
Wwilld.), white oak (Q. alba L.), and black oak
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(Q. velutina Lam.)] dominate the overstory,
whereas red maple (Acer rubrum L.) dominates the
midstory (Blankenship and Arthur 2006). Oak
seedlings are dominated by chestnut and scarlet
oak (1,800 and 900 stems ha™', respectively).
However, red maple seedling density is consider-
ably greater (10,675 stems ha™') (Green and others
2010). Pine species are also common and consist
mostly of shortleaf pine (Pinus echinata Mill.) and
pitch pine (P. rigida Mill.). Other occasional species
include eastern white pine (P. strobus L.), blackgum
(Nyssa sylvatica Marsh.), bigleat magnolia (Magnolia
macrophylla Michx.), eastern hemlock [Tsuga
canadensis (L.) Carr.], sassafras [Sassafras albidum
(Nutt.) Nees], and sourwood [Oxydendron arboreum
(L.) DC.].

Soils are silt loam, moderately deep, well-drained
and generally acidic (Hayes 1993). Climate is tem-
perate, humid, and continental, with mean annual
temperature of 12°C and annual precipitation
(113 cm y ') fairly well distributed throughout the
year (Foster and Conner 2001). Study areas on
each ridge encompassed about 15 ha with similar
conditions in slope (<20% grade) and elevation
(~400 m). These areas had minimum human
influence and no recent fires (> 20 year).

Leaf Litter Decomposition

To determine if increases in red maple leaf litter
alter decomposition rates due to species-specific
litter differences, we implemented a traditional
decomposition bag study. Treatments included leaf
litter assemblages of the following: (1) chestnut oak
(CO) only, (2) scarlet oak (SO) only, (3) red maple
(RM) only, (4) RM (75%) + SO (12.5%) + CO
(12.5%), (5) RM (50%) + SO (25%) + CO (25%),
and (6) RM (25%) + SO (37.5%) + CO (37.5%).
In September 2006, leaf litter collection nets (1 cm?
mesh) were suspended about 1 m above the forest
floor at approximately 20 locations across both
Klaber and Whittleton Ridges. Litter was collected
weekly throughout leaf fall (November 2006).
Fresh litter was immediately returned to the labo-
ratory, air dried in cardboard boxes, and sorted by
species. A total of 10 g (air-dry weight) of litter
from each treatment was placed into a 20 x 20 cm
plastic bag with a 1 x 2 mm mesh size (large en-
ough to allow entry of small soil fauna and permit
aerobic microbial activity) (Melillo and others
1982), tightly sealed, and labeled with a unique
identification number.

Bags were installed in five blocks (~7.5 m radius,
~177 m* area) located within each of Klaber and
Whittleton Ridges, resulting in a randomized

complete block experimental design nested within
ridge (n = 10). In total, the sampling design con-
sisted of 480 bags (2 ridges, 5 blocks, 6 treatments,
8 pick-ups). Blocks had similar red maple and oak
litterfall and overstory influence (determined using
basal area and leaf litter input data obtained along
these ridges in summer 2005). Prior to installation,
the Oi layer (that is, intact leaf litter) was carefully
removed, and bags were arrayed at random in a
grid on top of the Oe layer about 20 cm apart and at
least 0.5 m distant from a tree bole. Bags were se-
cured to the forest floor with metal pins, and their
locations mapped to facilitate re-location. One bag
per block was removed at time 0 (spring 2007), and
then again at 3, 6, 9, 12, 18, 24, and 60 months
(spring 2012) afterwards. Upon removal from the
field, original leaf litter contents of each bag were
returned to the laboratory, cleaned of external
debris and invertebrates, dried at 60°C for 48 h,
and weighed. Leaf litter decomposition rates were
calculated using both single (Olson 1963) and
double (Wider and Lang 1982) exponential decay
models. The single decay model is as follows:

M, /My = exp(’kl),

where M, is the absolute dry weight of litter
remaining at time 0, M; is the absolute dry weight
of litter remaining at time ¢, ¢ is the time of incu-
bation (in years), k is the decomposition rate con-
stant. The double decay model is as follows:

M, /My = M, x exp' 81" £ M, x exp(~k!),

where M,, M, and f represent the same values as
above, M; and M, represent the proportion of labile
and recalcitrant litter (thus, M; + M, = 1), respec-
tively, and k; and k, are decay constants for each
pool.

To determine the C and N content of each leaf
litter sample on each sample date, a 5 g subsample
was ground to a fine powder and analyzed using a
Leco CN 2000 Analyzer (Leco Corporation, St. Jo-
seph, Michigan, USA). For each sample date, the
percent of C and N remaining in relation to initial
values was calculated as follows:

%C (or N) remaining : ((C;, * mass;)/(C;, * mass;)) X 100,

where C and C,; are proportion of C in the litter
sample at time = 0 and on a given sampling date,
and mass,, and mass;; are the dry weights of the
litter sample at those times. Initial leaf litter lignin
concentrations were determined using an Ankom
fiber digester (Ankom Technology, Macedon, New
York, USA).
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Leaf Litter Effects on N Dynamics

We assessed the effects of increasing red maple leaf
litter on soil N dynamics by manually manipulating
leaf litter composition in the field. We used the
same experimental design and leaf litter treatments
described above for the decomposition experiment,
with the addition of an unmanipulated control. In
late August 2007, seven 1 m? plots were delineated
within each block adjacent to the leaf litter bag
arrays and assigned at random to a leaf litter
treatment or unmanipulated control. Plots were
separated by at least 0.5 m and were placed more
than 1 m from a tree bole. Vegetation within each
plot was manually clipped to ground level and
maintained in this state throughout the study to
minimize any confounding effects due to nutrient
uptake or input via plants. The Oi layer was re-
moved by hand, and each plot was covered with
400 g (air-dry weight) of its randomly assigned
litter treatment. This amount was based on an
average pre-determined amount of litter received
during litter fall in areas devoid of tree boles larger
than 2 cm DBH within a 2 m radius. Plots were
then covered with 1-cm? square plastic mesh to
prevent additional leaf litter entry but allow rainfall
passage; mesh was adhered to the ground with
landscape pins. During litter fall, plots were regu-
larly cleared of outside litter.

After the litter manipulation plots were installed
(August 2007), plots remained untouched for
9 months to allow decomposers time to begin uti-
lizing the litter. At 9 months (April 2008), 11
months (June 2008), and 13 months (August
2008) afterwards, in situ N mineralization incuba-
tions were performed using the buried bag method
(Smith and others 1977). In each plot, we collected
four soil samples using a 4-cm diameter PVC corer.
Any obvious sticks and/or invertebrates were re-
moved from the leaf litter/organic horizons, and
then this horizon and the upper mineral soil (0-
5 cm) horizon were placed in separate polyethyl-
ene bags. Because we were interested in N miner-
alization rates in their natural in situ environment,
we did not remove roots prior to incubations. Two
replicates for each soil horizon were returned to the
laboratory for analysis of initial inorganic N con-
centrations (NH,*-N and NO; -N; pg N g~ ! dry
soil). In situ net N mineralization was determined
by burying two mineral soil samples per plot at 5-
cm depth below the Oa horizon and by placing two
leaf litter/organic horizon samples per plot on top
of the forest floor. Samples were left in place for
28 days. All soil samples were stored at 4°C and
processed within 1 day of collection upon return to

the laboratory. In the lab, initial and incubated leaf
litter/O horizon samples were homogenized by
hand, and mineral soils were sieved through a 2-
mm mesh sieve to homogenize the sample and
remove large rocks, debris, and root material.
Removing this material allowed results to be stan-
dardized on a dry soil basis. A 10 g subsample was
placed in extraction cups with 50 ml of 1 mol/l KCI
and shaken for 1 h. The solution was filtered
through No. 40 Whatman paper, and the super-
natant analyzed colorimetrically for available
inorganic N (NH,"-N and NO;™-N) with a Bran
Luebbe Autoanalyzer III. Net ammonification and
nitrification rates were calculated as the total NH,*-
N and NO5; ™ -N (ug N g~ ! soil day™ '), respectively,
accumulated over the 28-day incubation period
(final — initial concentration) divided by number
of incubation days. Final and initial concentrations
were derived from the means of the two soil sam-
ples taken from each soil horizon.

Statistical Analyses

Differences in leaf litter mass, C, and N remaining and
C:N ratios among leaf litter treatments were analyzed
as a two-way ANOVA with repeated measures
(treatment = repeated unit) within a randomized
complete block design, with treatment and time as
fixed effects and ridge and block nested within ridge
as random factors using PROC MIXED of SAS v. 9.2.
Data from the initial retrieval (time = 0) were re-
moved from the analysis of mass, C, and N remaining
since attime = 0 the mean percent remainingis 100.0
for all treatments (Wider and Lang 1982).

Decay constants for the single and double expo-
nential models were calculated using two ap-
proaches. First, an overall model was fit to the raw
data of proportion mass remaining for each treat-
ment across the blocks using both PROC NLMIXED
of SAS v. 9.2 and SigmaPlot v. 12. This allowed
computation of k values, proportion of labile and
recalcitrant pools, AIC values for model compari-
sons (single vs. double exponential), R*>, and P
values. Second, to determine if k values were sig-
nificantly different among leaf litter treatments,
individual models were fit to each treatment in
each block to obtain a k value for each block. These
numbers were used in an ANOVA with the same
experimental design as described above to compare
k values among treatments. k values obtained via
both approaches were identical.

We calculated predicted mass loss rates of litter
mixtures for each retrieval time using actual values
of mass loss for monocultures and percent of litter
of each species within mixtures at the start of the
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study. We compared predicted and actual mass loss
using paired ¢ tests for each mixture and retrieval
date. Differences in initial litter lignin, %C, %N,
lignin:N, C:N ratios, and N mineralization rates
were compared using a one-way ANOVA (fixed
effect = litter treatment) and the same experi-
mental design as described above.

All variables were tested for normality and
homogeneity of variance prior to analyses and were
transformed using logarithmic or square-root
transformations when they did not meet these
underlying assumptions. F values were computed
based on Type III sums of square, and degrees of
freedom were estimated using Satterthwaite’s
approximation. For all significant factors and
interactions (P < 0.05), least squares means were
compared via a post-hoc Fischer’'s LSD test to
determine differences among means at o = 0.05.
All P values reported are those generated from
transformed data, but means and standard errors
are presented for untransformed data.

REsuLTs
Initial Litter Chemistry

The initial chemistry of red maple leaf litter was
distinct from that of both chestnut and scarlet oak
(Table 1). Lignin concentration was significantly
lower in red maple leaf litter (10.57 4+ 0.35%)
compared to that of chestnut (19.91 £ 1.14%) and
scarlet (14.75 £ 0.68%) oak leaf litters. Nitrogen
concentration was lowest in red maple leaf litter
(0.43 + 0.03%) compared to all other treatments.
Lignin:N was highest in chestnut oak litter
(36.29 £+ 2.30) and lowest in red maple leaf litter
(25.97 & 2.37), but lignin:N concentration was not
significantly different between red maple and
scarlet oak (28.18 + 1.80) leaf litter. Leaf litter C:N
ratios were relatively high for all litter treatments

(>89), but were highest for red maple leaf litter
(116.37 £ 9.72).

Mass Loss

Initial rates of mass loss increased with increasing
red maple contribution to the leaf litter pool (Fig-
ure 1A; Table 2). Only 56% of red maple leaf litter
mass remained after 1 year, which was signifi-
cantly lower than chestnut oak (74% remaining;
P < 0.0001), scarlet oak (69% remaining;
P < 0.0001), and all other litter treatments (61—
68%; P < 0.05). From 24 to 60 months, percent
mass remaining of all treatments was similar. As
expected, the amount of C remaining mirrored
trends in mass remaining (Figure 1B). Mass
remaining of treatments containing leaf litter mix-
tures did not differ (P > 0.05 for all comparisons)
from that predicted using mass loss rates of indi-
vidual species (not shown).

A double exponential decay model predicted
mass loss better than a single exponential decay
model for each leaf litter treatment except chestnut
oak, but the double exponential model provided
only a marginally better fit (AAIC. ~5-10) for
scarlet oak and 25% red maple leaf litter (Table 2).
This suggests that leaf litter treatments generally
underwent two phases of decomposition during the
5-year study period, an initial ““fast”” phase due to
decomposition of labile material and subsequent
““slow”” phase due to decomposition of recalcitrant
material. Red maple, 75% red maple, and 50% red
maple leaf litter treatments had 23-28% leaf litter
in the labile pool. The labile pool of the red maple
treatment decomposed the fastest (k = 3.18) and
was significantly higher than that of scarlet oak and
25% red maple. A double exponential model could
not be fit to mass loss of chestnut oak leaf litter,
which suggests that all of its litter is in the re-

Table 1. Initial Chemistry for Each of the Six Leaf Litter Treatments Used in the Decomposition Bag Study
and the Plot-Level Experimental Leaf Litter Manipulations

Litter characteristic Chestnut oak Scarlet oak Red maple Red maple
25% 50% 75%

Lignin (%) 19.814 (1.14) 14.75% (0.68)  15.6% (0.45) 13.92%¢ (0.36) 12.25°P (0.33) 10.57° (0.35)

C (%) 48.82"F (0.55)  47.5* (0.58) 48.77" (0.36) 48.66"" (0.36) 48.66"" (0.36) 49.28" (0.26)

N (%) 0.55% (0.01)  0.53*" (0.01) 0.51*F (0.01) 0.48% (0.02) 0.51“® (0.01) 0.43€ (0.03)

Lignin:N 36.29” (2.30) 28.18%€ (1.80) 30.68" (1.29) 29.115€ (1.45) 27.535€ (1.83) 25.97° (2.37)

C:N 89.24% (1.76) 93.27°¢ (1.48) 96.725C (2.33) 101.57°€ (3.35) 96.335C (1.48) 116.37* (9.72)

Values are means (£1SE). Different superscript letters indicate significant differences among leaf litter types for a given parameter.

C = Carbon, N = Nitrogen.
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Figure 1. Remaining mass (A), carbon (B), and nitrogen
(C), and carbon:nitrogen ratio (D) of chestnut oak,
scarlet oak, and red maple litter incubated singly and in
combinations of increasing proportions of red maple
during a 5-year litter bag study in the Daniel Boone
National Forest, Kentucky.

calcitrant pool. Most of scarlet oak (88%) and 25%
red maple (82%) leaf litter were in the recalcitrant
pool.

N Remaining and C:N

Across all treatments, percent N remaining in-
creased during the first 18 months, suggesting
immobilization; however, this increase was sub-
stantially and significantly greater for red maple
leaf litter compared to other litter treatments (Fig-
ure 1C). At 18 months, red maple leaf litter had
173% N remaining compared to only about 132%
remaining for other leaf litter treatments
(P < 0.001 for all comparisons). Amount of N
gained from time = 0 to that at peak immobiliza-
tion was 1.4-1.5 times higher for red maple
(2.4+03mgNg ' dry wt litter) compared to
chestnut (1.7 = 0.3 mg N g~ dry wt litter) and
scarlet (1.6 = 0.3 g N g~ ' dry wt litter) oak. From
24 to 60 months, %N remaining declined across all
treatments but did not drop below original values
until 60 months. This decline was most pro-
nounced for chestnut and scarlet oak (with only
~60 %N remaining at 60 months), whereas red
maple still had 92% of N remaining at study ces-
sation. Values at 60 months were significantly
lower (P < 0.0001) than original values for all
treatments. C:N ratios declined with time for all
treatments (Figure 1D), but the decline was great-
est for red maple leaf litter, which had an initial C:N
of 116.37 £ 9.72 (significantly higher than other
treatments) and a final value of 21.43 £+ 0.72,
similar to the other species and species mixes.

N Cycling Following Leaf Litter
Manipulation

Leaf litter manipulation plots with red maple leaf
litter tended to have lower rates of N mineralization
within the leaf litter/organic horizon compared to
controls, and at times, lower rates than chestnut
and/or scarlet oak (Figure 2). Treatment differences
were driven by differences in ammonification rates,
as nitrification rates never differed significantly
among treatments, and the magnitude of these
differences varied across the growing season. In
spring, red maple leaf litter plots had lower N
mineralization rates (0.70 £ 0.29 pg-N g~ dry
soil day™') than control plots (2.22 + 0.49 pg-N g~*
dry soil day™!; P =0.001) and marginally lower
rates than chestnut oak (1.59 + 0.27 ug-N g~ !
dry soil day™'; P =0.055) plots. In mid-summer,
both red maple and 75% red maple plots had
lower N mineralization rates (1.32 + 0.27 and
1.36 + 0.34 ug-N ¢! dry soil day™') more than
2x slower than control, scarlet oak, and 25% red
maple plots. In late summer, red maple N miner-
alization (—0.17 & 0.24 pg-N g~ ' dry soil day™ ')
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Table 2.
Litter Type
Chestnut oak
Scarlet oak

2 can was substantially less than all other treatments, but
SISR there were no significant differences among treat-
ment plots (P =0.32). N cycling in the upper
é é g é mineral soils varied by season, but leaf litter treat-
g g g g ment had no significant effect on nitrification,
VV VYV ammonification, or N mineralization (Figure 3).
N — O
XX Discussion
o O O O
Our findings suggest that increased red maple leaf
litter contribution to eastern forests of the U.S. will
lead to faster initial rates of decomposition, more N
immobilization, and less leaf litter on the forest
floor. In the first 2 years of decomposition,
N o o decomposition rates increased with increasing red
D maple leaf litter contribution. Higher initial
decomposition rates in red maple leaf litter com-
pared to other treatments appeared to reflect
higher levels of fast-decomposing, labile C frac-
© " < w0 tions. Although red maple leaf litter had higher
—aaa concentration of total C and higher C:N ratio, there
was less lignin, a lower lignin:N ratio, and a rapid
NS decrease in C:N ratios within the first 3 months.
sscs These characteristics indicate that most C in red

maple leaf litter is labile. Despite these differences
in initial chemistry, adding red maple leaf litter to
oak leaf litter did not have ““non-additive” effects
on mass loss, which suggests that consequences of
this shift on decomposition rates should be pre-
dictable from studies of individual species (Ball and

— A double exponential model failed to fit chestnut oak leaf litter mass loss; therefore, leaf litter was confined to a single recalcitrant pool, and a single exponential model was used.

m MMM <
n< < o0 5 others 2008).
“S&w E Because new leaf litter inputs occur annually,
- 5 differences in initial rates of leaf litter decomposi-
o~ wvo 5 tion between oaks and red maple could dramati-
ENEES < cally alter leaf litter accumulation on the forest
yTony floor. For example, if leaf litter inputs remained
—z=z=z = constant (~400 g m 2y ') over a 5-year period,
2888 & and mass loss rates of new and old leaf litter were
\O/' 3 \O/" \O/' < considered, approximately 130 g m~? less leaf litter
= would accumulate on the forest floor beneath a red
n < n o § maple forest than beneath one comprised of 25%
3 g N % g red maple and a mixture of chestnut and scarlet
ceee g oak (that is, similar to today’s forests at our study
oS S sites). If leaf litter inputs were to increase with
g g g g 3 increasing red maple dominance, changes in leaf
oo s <« |5 litter accumulation would be even more pro-
IHRE |z nounced.
oA %) S . cps
s ™M s ;"- 5 During the first 2 years of decomposition, all leaf
[« B . . o1s
o litter treatments immobilized N, but the degree of
VU g immobilization was substantially higher in red
&5 & 5 maple leaf litter and decreased with decreasing red
5 E E 2 £ maple contribution. Red maple leaf litter had the
EER g 2 lowest initial N concentration and the greatest in-
= . .« . .
LR 5 g crease in N remaining during the 5-year study, a
nowmn o =
NAN~NK & pattern commonly found across ecosystems
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regardless of climate (Parton and others 2007).
Most decomposition in terrestrial ecosystems is
accomplished by fungi (de Boer and others 2005),
whose C:N ratio is typically 14:1 (Perry and others
2008), which is considerably lower than that ob-
served for red maple leaf litter (~116:1). Thus,
decomposers must acquire N from the surrounding
environment to utilize carbon from decomposing
litter and meet their growth requirements (Boberg
and others 2014). Ball and others (2008), also
working in Coweeta, North Carolina, measured
lower initial N content in red maple leaf litter
compared to chestnut oak and higher rates of N
immobilization. In this study, most immobilization
occurred during the first 2 years, when labile,
“fast-decomposing”” C pools were likely most
available. Blair (1988), working in Coweeta, North
Carolina, also found red maple to have a higher
concentration of labile (that is, water-soluble)
fractions in leaf litter (47.8%) compared to chest-
nut oak (25.2%), which also coincided with higher
rates of N immobilization through the second year
of decomposition. The finding that red maple
immobilizes N despite having a lower lignin:N ratio

than either oak supports the idea that litter traits
like fraction of labile C and N concentration influ-
ence patterns of N cycling (Prescott 2010).

Initial C:N and lignin:N values for red maple found
in this study differ from those reported in other
studies, largely because N concentration of red ma-
ple leaf litter in our stands (0.43 %) was often half of
that reported in other studies (Table 3). Of the
studies reporting red maple leaf litter N concentra-
tion, values ranged from a low of 0.43% (this study)
to a high of 1.0% in Tunk Mountain, Maine. The
most similar values were reported by Washburn and
Arthur (2003) working on a nearby stand and by
Blair and Crossley (1988) working in North Caro-
lina, also in the Central Appalachia hardwood region
on a ridgetop site. Differences in leaf litter N con-
centration within and among study sites may reflect
differences in N inputs to the system associated with
N deposition or differences in site quality (for
example, soil temperature, moisture) that affect the
ability of microbes to break down organic material
and make N biologically available.

In studies where both red maple and an oak
species were evaluated from the same site, leaf
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litter N concentration was always lower in red
maple litter than that of oaks. This corresponds to
previous studies which have found that foliar N
concentration is lower in red maple than in co-
occurring species (Abrams 1998). Red maple has
been shown to have low foliar N requirements and
less N for growth than many other trees from the
eastern U.S. (Abrams 1998).

The leaf litter plot-level manipulation experi-
ment confirmed the idea that red maple leaf litter
immobilizes more N from the environment than
other leaf litter treatments. Although not as obvi-
ous as in the decomposition study, N mineraliza-
tion generally was slowest for red maple only plots
compared to those with chestnut oak. Differences
among treatments were probably not as obvious as
those found in the decomposition study because
samples contained leaf litter mixed with remnant
Oe and Oa layers, and even a small amount of
material with a higher lignin:N ratio can lower N
mineralization rates (Finzi and Canham 1998).
Slower N mineralization rates underneath red
maple compared to chestnut oak were also mea-
sured by Washburn and Arthur (2003) working on
nearby study sites. This finding contrasts with that

of Finzi and others (1998) who measured higher N
mineralization rates in organic soils underneath red
maple in Connecticut compared to northern red
oak (Q. rubra L.) and American beech (Fagus gran-
difolia Erhr.). In their study, the forest floor
underneath red maple had a lower C:N ratio com-
pared to other treatments.

The absence of a litter treatment effect on min-
eral soil N cycling likely occurred because of the
short-term nature of this study (< 1.5 year) and/or
because of soil characteristics that limit vertical
transfer of leaf litter-derived material. Although a
previous study of coppice poplars (Populus x eur-
americana) in Central Italy showed that organic C
compounds from leaf litter leachates or microbial
exudates can be translocated into underlying soils
within relatively short periods (<1 year) (Rubino
and others 2010), work in temperate forests similar
to those in this study showed no effect of recent
(<4 years old) leaf litter inputs on C transport to
mineral soils (Kramer and others 2010). The effi-
ciency of vertical transport of C and nutrients to
mineral soils depends on a variety of other factors,
such as soil texture and other physical and chem-
ical properties of the soil (Cotrufo and others 2013).
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Thus, the extent to which vertical transport of leaf
litter-derived materials affects microbial processes
like N mineralization likely varies across forest
types and over time.

Implications

Red maple has key characteristics that may alter
ecosystem function of previously oak-dominated
ecosystems of the eastern U.S. and reinforce its
continued propagation via a variety of feedback
mechanisms (Figure 4). Findings from this study
and that of Blair and Crossley (1988) suggest that
leaf litter of red maple decomposes faster than that
of oak. Thus, as red maple contribution to the leaf
litter pool increases, higher rates of litter decom-
position will lead to reduced fine fuels on the forest
floor. Fires in eastern forests are often surface fires
that spread by consumption of the leaf litter layer,
so less litter on the forest floor will inevitably re-
duce forest flammability. Red maple leaf litter also
tends to absorb more moisture and dry slower than
oak litter, so the likelihood of fires igniting will
decrease (Kreye and others 2013). Red maples may
further decrease forest flammability through large
inputs of stemflow near their boles which could
create zones of high moisture and low fuel bed
continuity (Alexander and Arthur 2010). Because
red maple is less fire tolerant than oaks, these
various characteristics that reduce forest flamma-

A Forest flammability
{ Fire =§ 1 Red maple
Positive feedback

\
v

{ Fuel load 4= 1 Leaf litter decomposition
{ Fuel ignitibility €= 1 Leaf litter moisture
/
J Fuel continuity ¢ 1 Stemflow 4

B Resource availability

{ Fire =P 1 Red maple = = — _
\ So
.
Positive feedback ‘ N

{ Throughfall water/nutrients | 1
1 Leaf litter N immobilization ¥ !
1 Stemflow water/nutrients &

{ Growth/survival of
co-occurring plants

Figure 4. Conceptual models depicting mechanisms by
which decreased fire activity and increased red maple
abundance could influence (A) forest flammability and
(B) resource availability, potentially creating a positive
feedback to red maple growth and survival, reduced fire
across the landscape, and continued ‘““mesophication”” of
eastern forests. Dotted lines indicate mechanisms measured
in this and a related study (Alexander and Arthur 2010).

bility may serve as positive feedbacks to increase
red maple proliferation (Figure 4A).

Another mechanism by which red maple could
alter ecosystem function and promote its own
dominance is by altering resource availability
(Figure 4B). Red maples have wider canopies than
co-occuring oaks with greater canopy volume,
which restricts throughfall inputs of water and
nutrients to plants growing on the underlying for-
est floor (Alexander and Arthur 2010). In regions
where red maple leaf litter has a high fraction of
labile C and low lignin concentration, such as that
found in this study, N immobilization in the forest
floor will also decrease N availability for plant up-
take. Red maples have high drought tolerance and
low foliar nutrient requirements (Abrams 1998);
thus, red maple seedlings/saplings distributed
across the forest floor will likely be less impacted by
reduced resources than co-occurring species with
higher resource requirements. Decreased water or
nutrient availability to the forest floor may also be
inconsequential for mature red maple trees, which
funnel 2-3x more nutrient-rich stemflow to a
narrow zone surrounding the bole than either
chestnut or scarlet oak and have higher N miner-
alization rates in a localized area near the stem
(Alexander and Arthur 2010). For trees without a
high funneling capacity and for small plants with
high N requirements or low nutrient use efficiency,
decreased N availability resulting from increased
red maple abundance could further limit growth on
sites already low in nutrient availability. Again, if
these changes in the amount and distribution of
resources favor red maple, a positive feedback to
reduced forest flammability and increased red ma-
ple dominance will occur because of red maple’s
“mesophying’” properties.

The results of this and previous studies clearly
indicate that red maple is unlike co-occurring oak
species in many ways. Red maple can influence its
surrounding environment via a suite of mecha-
nisms with different effects across the forest setting.
Decreased fuel loads and higher fuel moisture
associated with increased red maple cover could
decrease forest flammability, whereas decreased N
availability could hinder growth of plants with
higher N requirements than red maples. All these
changes could feed back to exacerbate red maple
proliferation and the ‘““mesophication” of eastern
forests.
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