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ABSTRACT

Without periodic fire, historically open-canopied, oak-dominated upland woodlands of the central and eastern
United States are shifting to closed-canopied forests with increased abundance of shade-tolerant and typically
fire-sensitive species. Once established, these encroaching species (i.e., mesophytes) are hypothesized to initiate
a positive feedback termed mesophication where mesophytes perpetuate conditions that foster their own pro-
liferation at the expense of oaks (Quercus spp.). One potential mechanism of mesophication is reduced fuel loads
through faster decomposition rates of mesophyte leaf litter, as leaf litter is the primary fuel in closed canopy
forests. To better understand how different tree species impact fuel loads, we compared initial leaf litter
chemistry and one-year (2016-2017) decomposition rates of four non-oak species exhibiting increased abun-
dance in the region and/or relatively high sapling/midstory abundance relative to the overstory on our sites (red
maple [Acer rubrum], sugar maple [A. saccharum], American beech [Fagus grandifolial, and hickory [Carya spp.])
and three oak species (black oak [Q. velutina], chestnut oak [Q. montana], white oak [Q. alba]) in an upland oak
forest in north-central Kentucky. We also evaluated fuelbed mass, composition, and bulk density beneath
overstory (20-60 cm DBH) individuals of each species following leaf fall in December 2016. Except for American
beech (66% mass remaining), we found non-oak leaf litter, especially that of red and sugar maple, decomposed
the fastest (45 and 48% mass remaining), and oak leaf litter decomposed the slowest (54-64% mass remaining).
Further, although total leaf litter fuel loads in December were similar beneath individuals of different tree
species, fuel composition differed. Under non-oak crowns, the proportion of leaf litter from non-oaks was
22-35%, while under oak crowns, the proportion of leaf litter from non-oaks was only 10-12%. This suggests
that individual trees of non-oaks are impacting fuel composition beneath their own crowns despite continued oak
dominance at the stand scale. Considering differences between species in both leaf litter inputs based on allo-
metric equations and decomposition rates, modeled leaf litter fuel loads in a forest composed entirely of red
maple, sugar maple, or Carya spp. were ~20% lower than an oak forest after one year of decomposition. While
limited to the species examined in this study, these findings confirm that the leaf litter of non-oaks, excluding
American beech, decomposes more rapidly than oak and that individual non-oak trees alter fuelbed composition
beneath their crowns, suggesting that oak woodlands will become less-flammable with increasing mesophytic
dominance.

1. Introduction

Marchal et al., 2020; Mitchell et al., 2009; Schwilk, 2015). For example,
shade-tolerant hardwoods generally have thin leaves with high specific

Leaf litter in forested ecosystems plays an important role in stand and leaf area (SLA) and surface area:volume ratio (SA:V) to maximize light
landscape level processes such as decomposition dynamics and medi- capture in low-light environments (Evans and Poorter, 2001; Jackson,
ating feedbacks between fire and vegetation (Alexander et al., 2021; 1967). These traits can increase decomposition rates (Cornelissen et al.,
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2017; Grootemaat et al., 2015) and contribute to the formation of dense
fuelbeds that inhibit fire spread (Cornwell et al., 2015; Scarff and
Westoby, 2006). In contrast, hardwood species adapted to high-light
environments produce thick leaves with low SLA to enhance water use
efficiency (Abrams, 1990; Abrams and Kubiske, 1990). Leaf thickness,
which is correlated with leaf curl (i.e., the maximum absolute height of a
leaf when positioned on a flat surface) (Kreye et al., 2013), can create a
more aerated fuelbed and increased rate of fire spread (Engber and
Varner, 2012; Grootemaat et al., 2017; Varner et al., 2015). Differences
in leaf litter chemistry may also impact flammability (Varner et al.,
2015). For example, high leaf litter lignin:nitrogen (N) and/or carbon
(C):N ratios often correlate with slow decomposition rates (Melillo et al.,
1982; Taylor et al., 1989), leading to reduced fuel loads (Cornelissen
et al., 2017). High leaf litter lignin and N concentrations have also been
linked to prolonged smoldering, increased fuel consumption, and
shorter flame duration (Grootemaat et al., 2017, 2015). Because of the
multitude of ways in which leaf litter can impact important forest
functions (e.g., decomposition and fuelbed structure), understanding
species-specific controls on these processes may help predict future
forest flammability.

Understanding species controls on decomposition rates and fuelbed
properties is particularly important in upland oak (Quercus spp.) forests
of the central and eastern United States. Oaks have dominated the region
since warming and drying began following the last glaciation event
(8000-16,000 years ago) (Ballard et al., 2017), but they are undergoing
pronounced structural and compositional shifts in contemporary land-
scapes. Open-canopied oak woodlands and savannas with a sparse
midstory and a species-rich herbaceous understory are transitioning to
dense, closed-canopy forests with a predominantly leaf litter fuelbed and
increased representation, especially in the sapling and midstory layers,
from shade-tolerant, often fire-sensitive tree species such as maple (Acer
spp.), American beech (Fagus grandifolia), and elm (Ulmus spp.) (Alex-
ander et al., 2021; Hanberry et al., 2020b; Nowacki and Abrams, 2008).
This shift is most notable in the Central Hardwood Region, where oak
importance value (IV; defined as average relative density and relative
volume) is declining on ~80% of forested areas (Fei et al., 2011) by
about 1.5% per decade (Knott et al., 2019), while non-oak IV is
increasing across the range from ~0.10% per decade for Betula, Frax-
inus, and Nyssa spp. to ~1.9% per decade for Acer spp. (Knott et al.,
2019), driven mostly by increases in red maple (Fei and Steiner, 2007).

The marked decrease in upland oak importance, and simultaneous
increase in competitors like red maple, is at least partially due to oak
recruitment problems stemming from anthropogenic fire exclusion,
although other factors like climate change and altered herbivore pop-
ulations are also likely contributors (Alexander et al., 2021; Hanberry
etal., 2020a, 2020b; McEwan et al., 2011). Historically, frequent surface
fires were a key disturbance in upland oak woodlands and savannas that
helped exclude shade-tolerant, fire-sensitive competitors and kept forest
structure relatively open with adequate understory light to facilitate oak
regeneration and flammable fuelbeds (Abrams, 1992; Arthur et al.,
2012a; Hanberry et al., 2020b; Hanberry and Nowacki, 2016). In the
absence of fire, shade-tolerant, fire-sensitive species can establish in
upland oak forests and are hypothesized to create a positive feedback
termed mesophication whereby encroaching non-oak species (i.e., me-
sophytes) create shadier, moister, less flammable conditions compared
to upland oaks, thereby promoting their own proliferation at oaks’
expense (Alexander et al., 2021; Nowacki and Abrams, 2008).

Mesophytes could reduce flammability (i.e., ignition probability, fuel
continuity and consumption, fire intensity) by reducing leaf litter fuel
loads and/or by changing leaf litter fuel traits to those that that are less
prone to ignite and carry a fire. Many non-oaks, such as red maple and
sugar maple, have leaf litter with a lower lignin:N than co-occurring
oaks and faster decomposition rates (Alexander and Arthur, 2014; Ball
et al., 2008; Blair and Crossley, 1988; Cromack and Monk, 1975). Faster
decomposition rates can reduce leaf litter mass, and consequently, lead
to less development of the underlying duff, which is typically a thin layer
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(<5 cm deep) comprised of unidentifiable, mostly decomposed leaf litter
(generally, referred to as Oe) and humus (Oa) in these systems (Arthur
et al.,, 2017; Stottlemyer et al., 2009). Because fires in closed-canopy
forests typically spread through leaf litter, and to a lesser degree duff
(Arthur et al., 2017), any reduction in the litter layer will likely reduce
forest floor flammability (Arthur et al., 2017; Brewer and Rogers, 2006;
Dickinson et al., 2016). Furthermore, mesophytes may reduce flamma-
bility through additions of thin, flat leaf litter to the fuelbed. For
example, Kreye et al. (2013) found that red maple leaf litter “cements”
together, which could cause compaction of the “fluffy,” aerated, and
flammable fuelbeds that characterize upland oak forests. Thus, faster
decomposition rates and less flammable leaf litter traits of mesophytes
likely interact to reduce forest floor flammability (Babl et al., 2020;
Kreye et al., 2018, 2013; McDaniel et al., 2021).

A reduction of flammability is problematic because prescribed fire is
commonly used throughout the region to restore oak woodlands and
savannas and promote oak regeneration (Arthur et al., 2012a; Brose,
2014). Zones of low flammability created by mesophyte leaf litter may
act to interrupt fire continuity, protect mesophytes from fire damage,
and potentially lessen the overall effectiveness of prescribed fire (Alex-
ander et al., 2021). Decreased effectiveness of prescribed fire may allow
for future mesophyte survival which could negatively impact oak
regeneration via increased competition. Limited upland oak regenera-
tion and the consequential perpetuation of the mesophication process
via the replacement of upland oaks with mesophytic species has
cascading consequences on ecosystem function (Ellison et al., 2005;
Hanberry and Nowacki, 2016). Oaks are of major importance in main-
taining ecosystem diversity, providing a vital mast source, and their
replacement has numerous potential negative consequences for wildlife
populations (McShea et al., 2007; McShea and Healy, 2002). Oaks are
also important for influencing ecosystem-level processes such as nitro-
gen mineralization and availability in surface soils (Alexander and
Arthur, 2014) and water inputs to the forest floor via throughfall and
stemflow (Alexander and Arthur, 2010; Siegert et al., 2019), and oaks
are likely to be critically important for forest sustainability because of
their high resilience to warming climate (Vose and Elliott, 2016).
Further, many upland oaks are premier hardwoods of high economic
importance as timber (Luppold, 2019). Thus, understanding the biotic
feedbacks between trees and fuels and how they vary between upland
oaks and mesophytes is critical for predicting the future role of fire in
historically oak-dominated landscapes.

The primary objective of this study was to quantify initial leaf litter
chemistry, decomposition rates, and fuelbed properties (mass, compo-
sition, and bulk density) between several non-oak species, including (red
maple, sugar maple, hickory (a combination of pignut (Carya glabra) and
mockernut (C. tomentosa)), and American beech) and upland oaks (black
oak [Q. velutina], chestnut oak [Q. montana] and white oak [Q. alba]).
The non-oaks, except hickory, have low fire tolerance (Burns and Hon-
kala, 1990) indicating fire exclusion allowed their encroachment into
upland oak forests, and they are often considered mesophytes because of
their leaf litter, bark, and crown traits (Babl et al., 2020) and lower leaf
litter flammability compared to upland oaks (Varner et al., 2021).
Hickories, which are often lumped with upland oaks functionally
(Knapp et al., 2021), have moderate fire tolerance and flammability
compared to upland oaks (McDaniel et al., 2021; Varner et al., 2021),
suggesting that hickories may fall somewhere in the middle of the
mesophyte-pyrophyte spectrum. Red and sugar maple are increasing
dominance in the region (Knott et al., 2019), while American beech and
hickories are abundant in sapling and midstory size classes relative to
the overstory on our study sites in Kentucky and Mississippi (Alexander
et al., 2021; Izbicki et al., 2020). Ultimately, understanding how
different species promote or inhibit the mesophication process will help
us predict how changes in forest composition and structure associated
with fire exclusion impact forest flammability and our ability to restore
desired ecosystem services with prescribed fire.
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2. Methods
2.1. Study area

This study was conducted in Bernheim Arboretum and Research
Forest (hereafter referred to as Bernheim; 37°52' N, 85°35), located in
the Western Knobs ecoregion of Kentucky, USA, 40 km south of Louis-
ville. Bernheim is a 65-km?> second-growth (80-100 year old) hardwood
forest dominated by upland oaks. Fire has been excluded from the up-
land oak stands within Bernheim since the cessation of agriculture and
logging activities in 1929. The climate is humid, temperate, and conti-
nental. From 1981 to 2010, Bernheim had average growing season (June
- August) temperatures of 24.0 °C and dormant season (December -
February) temperatures of 2.5 °C; mean annual rainfall was 126 cm,
evenly distributed throughout the year, and average annual snowfall
was 33 cm (Arguez et al., 2010). Soils are primarily composed of the
Lenberg-Carpenter and Zanesville complex. The Lenberg series consists
of moderately deep, well-drained silt loam soils formed of acidic clayey
shale with slopes ranging from 6% to 45%. The Carpenter series consists
of deep, well-drained loamy soils, formed from weathered shale or
limestone and occupies slopes from 2% to 60% (Natural Resources
Conservation Service, 2001). The Zanesville series is composed of silt-
loam soils that are found on ridgetops (United States Department of
Agriculture, 2014).

Forest composition and size class structure was typical of upland oak
forests in the central and eastern United States experiencing an “oak
sapling recruitment bottleneck.” The overstory (>20 cm diameter at
breast height [DBH]) was dominated by oak species, including white oak
(Q. alba; 11.2 m? ha’l, 52%) and chestnut oak (Q. montana; 6.5 m? ha’l,
31%). Mostly non-oak species dominated the midstory (10-20 cm DBH),
including red maple, sugar maple, American beech, mockernut hickory,
and pignut hickory, with a collective basal area of non-oaks of 1.76 m?
ha~! (71%). However, chestnut oak represented a modest proportion of
the midstory (0.62 m> ha_l, ~25%). The sapling size class (<10 cm
DBH) was primarily occupied by red maple and sugar maple (29%),
mockernut and pignut hickory (28%), American beech (21%), and
minor components of other shade-tolerant species. Oak species repre-
sented <1% of the sapling size class (Babl et al., 2020).

2.2. Leaf litter decomposition

To assess whether leaf litter decomposition rates varied among up-
land oaks and encroaching non-oaks, we used a traditional decomposi-
tion bag study (Bocock and Gilbert, 1957). Throughout the litterfall
period during 2016 (November-December), fresh leaf litter from each
species (red maple, sugar maple, mockernut and pignut hickory, black
oak, chestnut oak, and white oak) was collected bi-weekly by hand from
the forest floor across upland oak stands throughout the study area.
Because American beech is marcescent, some leaves were removed
directly from trees during the same period. We acknowledge that
removing leaves, rather than waiting for them to fall, could have
impacted leaf litter chemistry and decomposition rates, as marcescence
has been hypothesized to be a strategy to increase nutrient resorption
prior to leaf fall (Otto and Nilsson, 1981). Yet, explanations of marces-
cence remain controversial (Karban and Pearse, 2021), and even if
marcescence increased nutrient resorption, removing leaves would have
impacted only the magnitude, and not the direction, of our findings, as
resorption would have created poorer litter quality, and consequently,
slower decomposition rates. Fresh leaf litter was returned to the lab, air-
dried, homogenized, and 5 g was placed into fine-mesh, 20 x 20-cm
plastic decomposition bags, which were tightly sealed and labeled with a
unique identification number. Mesh size was 1 x 2 mm, which was large
enough to not impede soil fauna and microbial entry (Melillo et al.,
1982). Bags were returned to two non-contiguous ridge-top sites in
December 2016 (2 sites, 7 species, 3 replicates, 4 pick-ups, for a total of
168 bags). Bags were deployed in the forest at a location away from the
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bole of overstory (>20 cm DBH) trees, not in a gap, and free of under-
story/midstory plants, to eliminate confounding factors, and thereby,
represent a common garden experiment. Bags were placed directly atop
the litter layer. One bag per site was retrieved starting at time 1 (spring
2017; 3 months after initial placement), then again at 6, 9, and 12
months (winter 2017) afterwards. Time 0 samples had 5 g of air-dried
litter weighed and placed into a Ziplock bag, returned to the lab and
oven-dried at 60 °C for 48 h and weights recorded to obtain an oven-dry
conversion factor, which was applied to the mass of all initial samples.
After removal from the field, original leaf litter contents from each bag
were returned to the lab, cleaned of external debris and invertebrates,
oven-dried at 60 °C for 48 h, and weighed. A subsample was then
combusted in a muffle furnace at 500 °C for 4 h to account for possible
mineral soil contamination. The air-dried to oven-dried weights for time
0 samples were used to calculate decomposition rates for each retrieval
date based on mass loss by using single exponential decay model (Olson,
1963): M; /My = exp™®, where My is the absolute dry weight of litter
remaining at time 0, M is the absolute dry weight of litter remaining at
time t, t is the time in the field (in years), k is the decomposition rate
constant. To better understand how initial leaf litter chemistry relates to
decomposition rates, C and N concentrations were measured on leaf
litter from time O from a 5 g subsample that was ground to pass through
a 60 mesh sieve, oven dried at 60 °C, and analyzed using elemental
combustion (ECS 4010 CHNO-S; Costech, Valencia, California, USA). In
addition, lignin concentration for time 0 samples was measured at Dairy
One Lab (Ithaca, New York, USA) with an Ankom Fiber Analyzer
(ANKOM Technology, Macedon, New York, USA).

2.3. Fuelbed properties

To determine the tree-level impacts of leaf litter production on fuel
composition and loads beneath individual tree crowns, we sampled leaf
litter and duff layer fuelbed properties (composition, mass, and bulk
density) under upland oaks and non-oaks trees along a gradient of shade
tolerance and fire sensitivity (see Babl et al., 2020 for details) within
Bernheim in December 2016 and January 2017. All trees were
embedded in forests dominated by an oak overstory. Tree species
sampled included those mentioned above for decomposition rates,
excluding black oak, and met the following criteria: (1) not located near
a road (>20 m away) or near/within a canopy gap to avoid potential
edge effects; (2) had a reasonably clear understory to target single-tree
influences and limit potential confounding effects (<30% non-tree un-
derstory cover); and (3) located on relatively flat areas of the landscape
to limit topographic effects on moisture drainage.

The original goal of this study was to sample 15 individual overstory
(>20 cm DBH) trees of each species because we expected the most
pronounced differences in leaf litter and duff fuels would occur in the
understory of relatively large trees. We found 15 individuals of red
maple (min 17.5-max 52.0 cm; mean 31.9 + 2.3 cm), chestnut oak (min
19.6-max 66.6 cm; mean 40.6 + 3.4 cm), and white oak (min 20.5-max
63.0 cm; mean 40.6 + 3.4 cm) that mostly met the size criteria and all
other criteria. However, we found only 12 American beech trees that
met other criteria but were generally not present in larger size classes
(min 12.0-max 21.5 cm; mean 16.7 + 0.7 cm). We only found 10 sugar
maple (min 20.6 — max 38.7 cm; mean 27.8 + 2.0 cm) and 10 hickories
(min 19.0-max 49.6 cm; mean 29.7 + 2.7 cm) meeting all criteria.

To sample annual litter inputs and the duff layer, two 30 x 30-cm
quadrats were placed mid-canopy in the north and south cardinal di-
rections under each tree in December 2016 (just following leaf fall). In
the center of each quadrat, leaf litter depth was measured with a ruler
after gently inserting a knife into this layer. The leaf litter layer was then
harvested and placed in an air-tight plastic bag, and then the same steps
were repeated to harvest the duff layer. In the lab, leaf litter was sorted
by species, placed in the oven at 60 °C, and dried to a constant weight to
determine species-specific contributions to leaf litter mass. Non-duff
components (e.g., seeds, bark, twigs) were removed from the duff
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layer, and the duff layer was then placed in the oven at 60 °C, and dried
to a constant weight to determine duff mass. Bulk density was then
calculated by dividing the oven-dried leaf litter or duff mass by the
volume occupied by leaf litter or duff.

2.4. Statistical analyses

Differences in litter mass remaining over time between species were
analyzed as a two-way Analysis of Variance (ANOVA) with species and
time (time O removed) and their interaction as main effects in JMP v. 13.
Although litter bags were placed at two different sites, we inadvertently
did not record site locations for pick up for times 3 and 6, and as a result,
we were unable to analyze these times for site effects. However, we do
not expect site differences, as pick up times 9 and 12 had no significant
site effect (P = 0.185) when analyzed with an ANOVA with site as a main
effect and percent mass remaining as the response variable. Decay
constants, R and P-values for the single exponential models were
calculated by fitting the model to raw data for percent mass remaining
using SigmaPlot v. 12.3.

Differences in initial litter chemistry (lignin, %C, %N, lignin:N, and
C:N ratios), total leaf litter and duff mass and bulk density, and percent
contribution of each species to the leaf litter fuelbed in December 2016
were compared using a one-way ANOVA with the main effect of species.
For tree-level fuelbed variables measured on the north and south sides of
trees, values were averaged at the tree level prior to analysis such that
the tree served as the replicate. All leaf litter and fuelbed variables were
tested for normality (Shapiro-Wilk W Test) and homogeneity of variance
(Levene’s Test), and those that did not meet these assumptions were
transformed using logarithmic or square-root (for percentages) func-
tions to meet model assumptions. When significant main effects or in-
teractions were detected (P < 0.05), least squares means were compared
via a post-hoc Tukey’s HSD test to determine differences among means
at a = 0.05. Reported P-values were computed on transformed data but
means and standard errors are presented on untransformed data.

3. Results

Initial leaf litter chemistry varied between non-oaks and oaks, with
significant differences among species (P < 0.001) for all traits measured
(Table 1). Black oak (50.22 + 0.18%) litter C concentration significantly
exceeded all species except chestnut oak (49.12 + 0.31) (P < 0.001 for
all comparisons). Carbon concentrations of all other species were sta-
tistically similar (P > 0.309 for all comparisons). Black oak also had the
highest lignin concentration (19.77 + 0.19%; P < 0.001 for all com-
parisons) followed by chestnut oak (13.90 + 0.19%), which had higher
lignin concentrations than other species (P < 0.001 for all comparisons).
Lignin concentration in American beech (12.10 + 0.19%) and white oak
(11.37 £+ 0.19%) were similar (P = 0.162) as were lignin concentrations
of white oak and sugar maple (10.87 + 0.19%; P = 0.551). Red maple
(9.50 £+ 0.19%) and hickory (9.00 + 0.19%) had the lowest lignin
concentrations compared to all other species (P < 0.001 for all com-
parisons). Nitrogen concentration was lowest in red maple (0.73 +
0.05%) and highest in hickory (1.32 + 0.07%), while all other species
had N concentrations of ~ 1.00%. Black oak also had the highest lignin:

Table 1
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N ratio (18.87 + 0.92; P < 0.001 for all comparison), while hickory
(6.92 £+ 0.92) and sugar maple (9.87 + 0.92) had the lowest lignin:N
ratio (P < 0.001 for all comparisons). Red maple had the highest leaf
litter C:N (67.10 + 4.56), while hickory had the lowest (35.32 + 1.79).

Percent leaf litter mass remaining over time was distinct between
non-oaks and oaks (Fig. 1). There was a significant main effect of time (P
< 0.001) and species (P < 0.001) on the mass remaining (%), but the
interaction between time and species was not significant (P = 0.789),
indicating that differences between species did not change over time.
After the first 3 months, red maple had only 58% of its mass remaining,
which was significantly less than all other species (P < 0.001). Hickory
and sugar maple had ~70% remaining after 3 months, while white oak,
chestnut oak, red oak, and American beech had 77-85% of their original
mass remaining. Therefore, after 12 months, trends were still similar,
with red maple and sugar maple having only 46% of their mass
remaining, while black oak and American beech had ~65% of their mass
remaining (P < 0.001). Except for American beech, decomposition rates
based on a single exponential decay model were generally faster in non-
oaks compared to oaks (Table 2). Red maple had the fastest decompo-
sition rate (k = 0.91) followed by sugar maple (k = 0.84), hickory (k =
0.68), white oak (k = 0.65), chestnut oak (k = 0.53), black oak (k =
0.47), and American beech (k = 0.43).

Total leaf litter and duff mass were similar underneath oaks and non-
oaks when sampled soon after leaf fall (p = 0.807 and 0.096,
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Fig. 1. Mean percentage of mass (+SE) remaining of American beech, red
maple, sugar maple, hickory, black oak, chestnut oak, and white oak leaf litter
from a one-year litter decomposition bag study in Bernheim Arboretum and
Research Forest, Kentucky, USA. Hickory included both pignut (C. glabra) and
mockernut (C. tomentosa).

Initial leaf litter chemistry for American beech, red maple, sugar maple, hickory, black oak, chestnut oak, and white oak leaf litter collected in December 2016 within
Bernheim Arboretum and Research Forest, Kentucky, USA, as part of a 1-year study to assess decomposition rates. Values are means + SE. Different letters indicate
significant differences (P < 0.05) between tree species (i.e., across rows) for a given leaf litter characteristic. C = Carbon, N = Nitrogen. Hickory included both pignut
(C. glabra) and mockernut (C. tomentosa). All variables were significantly different among species at P < 0.001.

Litter characteristic Am. beech Red maple Sugar maple Hickory spp. Black oak Chestnut oak White oak

C (%) 46.04c+ 0.33 47.51bc+ 0.65 45.88c+ 0.72 45.98c+ 0.34 50.22a+ 0.18 49.12ab+ 0.31 46.61c+ 0.77
Lignin (%) 12.10c£ 0.10 9.50e+ 0.06 10.87d+ 0.26 9.00e+ 0.06 19.77a+ 0.26 13.90b+ 0.10 11.37 cd+ 0.32
N (%) 1.00bc+ 0.05 0.73c+ 0.05 1.13ab+ 0.08 1.32a+ 0.07 1.08ab=+ 0.08 1.04ab+ 0.08 0.89bc+ 0.07
Lignin:N 12.25b+ 0.59 13.46b+ 1.04 9.87bc+ 0.77 6.92c+ 0.37 18.87a+ 1.43 13.72b+ 0.99 13.17b= 0.90
CN 46.55bc+ 2.07 67.10a+ 4.56 41.49bc+ 2.77 35.32c+ 1.79 47.94bc+ 3.65 48.48bc+ 3.47 53.97ab+ 3.84
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Table 2

Calculated decomposition rates (k values + SE) and R? values based on single
exponential models fitted to each species’ leaf litter mass remaining over a one-
year period in Bernheim Arboretum and Research Forest, Kentucky, USA. Listed
in order of decreasing decomposition rates. All models were significant at P <
0.05. Hickory included both pignut (C. glabra) and mockernut (C. tomentosa).

Tree Species k value (y') R?

Red maple 0.91+ 0.23 0.84
Sugar maple 0.84+ 0.15 0.92
Hickory spp. 0.68+ 0.13 0.91
White oak 0.65+ 0.07 0.97
Chestnut oak 0.53+ 0.05 0.97
Black oak 0.47+ 0.04 0.98
American beech 0.43+ 0.04 0.97

respectively), as were total leaf litter and duff bulk density (p = 0.148
and 0.346, respectively), but non-oak leaf litter contributed a greater
proportion of fuelbed mass underneath non-oaks compared to oaks
(Table 3). Across tree species, total leaf litter fuelbed mass was ~400 g
m~2, but ~90% of this mass was contributed by oak litter beneath
chestnut and white oaks, with 65-78% of the fuelbed contributed by oak
beneath the other species. In addition, non-oak leaf litter contribution to
the total fuelbed was consistently higher beneath non-oaks (22-35%)
compared to oaks (10-12%). The leaf litter mass of any non-oak species
was significantly higher beneath that species than beneath other species
(p < 0.0001).

4. Discussion

Our results indicate that increased abundance of non-oak species in
upland oak forests may alter fuelbed dynamics in several ways that serve
to reduce leaf litter fuel loads and increase contribution of leaf litter with
traits associated with low flammability. Except for American beech, leaf
litter of non-oaks decomposed faster than that of oaks. In addition,
although annual total leaf litter mass beneath non-oak and oak overstory

Table 3
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trees was similar, non-oak leaf litter contributed more to the fuelbed
beneath non-oaks than beneath oak trees, highlighting that individual
trees do have a zone of influence in their understories that likely impacts
fuel heterogeneity (Alexander et al., 2021). These findings indicate that
fuelbed mass and continuity could decline through species-level varia-
tions in decomposition rates and individual tree impacts on understory
fuel inputs and flammability traits as certain non-oak species continue to
replace oaks throughout the region.

Variations in decomposition rates between upland oaks and non-oaks
were likely driven by differences in leaf litter chemistry and morphology
(see Babl et al., 2020), with both direct and indirect implications for
flammability. Red maple and sugar maple had only 45 and 48% of their
leaf litter mass remaining after one year while oaks had 54-64% of their
mass remaining, findings similar to those reported in eastern Kentucky,
USA (Alexander and Arthur, 2014) and southwestern North Carolina,
USA (Blair and Crossley, 1988). Hickory leaf litter mass remaining was
55%, similar to decomposition rates in central Kentucky, USA (Arthur
et al., 2012b). Red maple leaf litter had the lowest initial percent N and
highest C:N ratio, traits often associated with slow decomposition
(Melillo et al., 1982), indicating that red maple’s fast decomposition rate
may be due to high concentrations of highly labile C, which is consistent
with findings in other studies (Alexander and Arthur, 2014; Blair and
Crossley, 1988). Notably, red maple leaf litter also dries very slowly
compared to oaks (Kreye et al., 2013), which may further accelerate its
decomposition rates. Sugar maple and hickory leaf litter had relatively
high initial percent N, low percent lignin, and low C:N ratios when
compared to other species, characteristics often associated with fast
decomposition rates (Cornwell et al., 2008), but also shorter flame du-
rations and decreased fuel consumption (Grootemaat et al., 2017, 2015).
These flammability consequences match those measured for sugar
maple compared to white, chestnut, and red oak in laboratory trials
(Kane et al., 2021), but only shorter flame durations compared to several
oaks were found for hickory (Varner et al., 2021). American beech leaf
litter chemistry did not exhibit traits associated with slow decomposi-
tion rates (e.g., high lignin:N) (Cornwell et al., 2008), yet still exhibited

Leaf litter mass, percent leaf litter mass contribution by tree species, bulk density, and duff mass and bulk density in the understory of American beech, red maple, sugar
maple, hickory, chestnut oak, white oak, and red oak (black/scarlet/northern red) in December 2016 and January 2017 within Bernheim Arboretum and Research
Forest, Kentucky, USA. Values are means + SE. Different letters indicate significant differences (P < 0.05) between tree species. Hickory included both pignut

(C. glabra) and mockernut (C. tomentosa).

Fuelbed characteristic American beech Red maple Sugar maple Hickory spp. Chestnut oak White oak P value
Leaf litter

Total mass 377.1 410.6 412.3 409.2 410.3 434.3 0.807
(gm?) +22.3 + 30.7 +19.4 +22.7 +22.9 + 329

American beech 10.8a 1.9b 0.6b 2.1b 2.1b 1.8b < 0.001
(%) +1.0 +0.7 +0.4 +0.6 +0.7 +0.5

Red maple 5.6b 26.5a 1.6b 5.5b 3.7b 4.0b < 0.001
(%) + 1.4 + 3.7 + 0.8 +1.3 +1.1 + 1.6

Sugar maple 0.9b 2.5b 22.7a 0.4b 0.6b 2.0b < 0.001
(%) + 0.4 + 1.0 +3.1 +0.3 +0.3 +0.9

Hickory spp. 4.4b 4.0b 3.9b 22.3a 3.1b 4.5b < 0.001
(%) + 2.1 +1.3 + 1.2 + 2.4 +1.1 + 1.0

Chestnut oak 20.6b 16.9b 28.7ab 20.9b 40.6a 31.6ab < 0.001
(%) +3.2 + 3.0 +5.4 + 3.9 + 3.0 +4.2

White oak 44.6 33.6 31.4 27.6 35.8 41.9 0.159
(%) + 6.1 + 3.9 + 4.3 + 4.4 + 3.5 + 4.2

Red oak 13.1 14.6 11.0 21.2 14.2 14.3 0.657
(%) +3.9 +3.7 +27 +5.3 +3.7 +4.5

Total oak 78.2ab 65.1c 71.2bc 69.7bc 90.5a 87.7a < 0.001
(%) +25 + 4.2 +3.7 +22 +1.6 +22

Total mesophyte 21.8a 34.9a 28.8a 30.3a 9.5b 12.3b < 0.001
(%) + 25 + 4.2 + 3.7 + 2.2 +1.6 + 2.2

Bulk density 0.015 0.023 0.016 0.010 0.012 0.016 0.148
(gem™>) + 0.003 + 0.006 + 0.002 + 0.001 +0.001 + 0.002

Duff

Mass 505.1 646.8 477.4 677.3 580.9 588.8 0.096
(gm™?) +43.3 +48.7 + 66.4 + 34.5 +52.1 + 55.7

Bulk density 0.044 0.041 0.053 0.030 0.041 0.039 0.346
(gem™) + 0.007 + 0.007 + 0.008 + 0.002 + 0.005 + 0.005
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the slowest decomposition rate, with ~66% remaining after one year,
similar to findings in northern hardwood forests where this species had
74-87% litter remaining after one year in east-central New York, USA
(Elliott et al., 1993). American beech leaf litter may have high levels of
structural carbons or tannins, which were not measured here, that make
it less palatable to consumers and hinder decomposition. Notably, those
leaf litter chemical traits are also inhibitory to surface fire spread
(Grootemaat et al., 2017). Yet, American beech leaf litter has moder-
ately high flammability (Varner et al., 2021), further signaling the need
to include the drying capacity of the leaf litter, and the moisture envi-
ronment where the leaf litter is typically found, into flammability as-
sessments. Overall, these findings indicate that decomposition rates vary
markedly between non-oaks and oaks and that encroachment by several
non-oak species into current-day oak forests could lower flammability
through this mechanism (Alexander et al., 2021).

Species-level differences in decomposition rates may be accentuated
if variations in microclimatic conditions beneath different tree species
are also considered. Our decomposition rate study was conducted as a
common garden experiment with relatively uniform understory condi-
tions absent of the influence of any particular tree. However, we
commonly observed lower light levels and cooler air temperatures
beneath American beech compared to the understory of upland oaks
(Babl, 2018), which are environmental conditions that have been shown
to influence decomposition rates (Aerts, 1997; Kirschbaum, 1995,
2006). Thus, decomposition rates of American beech leaf litter may be
different beneath its own crown. In addition, compositional shifts do not
occur independently of structural changes that could impact microcli-
matic interactions with decomposition rates and fuel loads. Notably, oak
savannas or woodlands have substantially lower basal area than closed
canopy oak forests, which coincides with reduced leaf litter fuel mass
but increased herbaceous fuels, both in more open, higher light, drier
environments (Hanberry et al., 2020b) that typically act to slow
decomposition rates (Aerts, 1997).

Greater mass of non-oak leaf litter in the understory of non-oaks
compared to upland oaks has important implications for forest restora-
tion efforts in the region, as prescribed fire is a primary management
tool for reducing mesophyte competition and promoting oak regenera-
tion in the region (Arthur et al., 2012a; Brose, 2014; Dey, 2014; Dey and
Hartman, 2005). In addition to often decomposing faster, leaf litter from
some non-oaks possess characteristics that are linked to decreased
flammability, like being small, flat, and thin (Alexander et al., 2008;
Babl et al., 2020; Kane et al., 2021; Kreye et al., 2018; McDaniel et al.,
2021) with slow drying rates (Kreye et al., 2013; McDaniel et al., 2021);
thus, increased inputs of this litter beneath non-oak trees may lead to a
zone of reduced flammability through not only reduced fuel loads, but
also from fuelbed compaction and increased moisture holding capacity
(Grootemaat et al., 2017; Varner et al., 2015) in addition to other
mechanisms like increased stemflow near thin-barked, non-oak trees
that could serve as a natural “wet line” to protect these trees from fire
(Alexander et al., 2021; Alexander and Arthur, 2010). As these low-
flammability zones converge with non-oak encroachment, prescribed
fire may be rendered less effective, facilitating encroachment by non-
oak advance regeneration (Alexander et al., 2008; Izbicki et al., 2020;
Schweitzer et al., 2016), and further contributing to the mesophication
positive feedback.

Despite higher non-oak leaf litter contribution beneath non-oaks
compared to upland oaks, oak litter still dominated the fuelbed
throughout the forest, and fuelbed differences in bulk density were not
statistically detectable, suggesting that oak leaf litter still retains the
capacity to control flammability trends in current-day stands at Bern-
heim and in forests elsewhere in which oaks retain overstory dominance
but other species dominate the sapling layer and midstory, a common
condition throughout the central hardwoods region (Knott et al., 2019).
Previous studies have shown that leaf litter drying rates and flamma-
bility decline substantially as mesophyte contribution to the fuel bed
increases from 33% to 66% (Kreye et al., 2018; McDaniel et al., 2021).
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Leaf litter fuelbeds beneath overstory red maple, sugar maple, and
hickory, which were embedded in an oak-dominated overstory, were
comprised of 29-35% non-oak litter, indicating that these forests still
have some time before their flammability capacity is lost. In addition,
we collected leaf litter fuels just after leaf fall, and leaf litter may
redistribute overtime, especially in areas with substantial topography
(Boerner and Kooser, 1989), thereby lessening single tree influences on
understory fuel bed composition. Despite a lack of bulk density fuelbed
differences underneath non-oaks and oaks at Bernheim, these differ-
ences are likely to occur as non-oak contribution to the fuelbed in-
creases. For example, Dickinson et al. (2016) found increased bulk
density in maple litter beds when compared to oak, which led to reduced
fire spread potential and lower fire intensities. Thus, as non-oak
encroachment continues, and overstory oaks die, flammability will
likely continue to decline.

Importantly, the net balance of decomposition rates and leaf litter
inputs should be considered when trying to understand the potential
implications of shifting species composition for fuelbed mass. To illus-
trate this point, we calculated annual fuel loads in hypothetical mono-
cultures of the different species at the current overstory/midstory basal
area at Bernheim (30 m? ha’l) using annual leaf litter inputs obtained
from allometric equations (Martin et al., 1998; Ribe, 1973) and mass loss
rates determined from our decomposition study (Table 4), fully
acknowledging that current-day, oak-dominated forests show a succes-
sional trajectory consisting of a mixture of species such as red maple,
sugar maple, and American beech (Abrams and Downs, 1990; Abrams
and Nowacki, 1992; Hart and Grissino-Mayer, 2009; Izbicki et al.,
2020), and that monocultures do not represent reality. Using these
conditions, we found that the mesophytic maples, which are expected to
replace oaks in the eastern United States (Amatangelo et al., 2011; Fei
and Steiner, 2007; Knott et al., 2019), produce between 18 and 43% less
leaf litter fuel mass after one year compared to chestnut or black oak.
Hickories, which have similar ecological traits as oaks and historically
were common in oak forest landscapes (Knapp et al., 2021), yielded a
similar reduction in leaf litter fuel mass, with a projected ~20%
decrease after one year compared to chestnut or black oak. In contrast,
an American beech monoculture had the highest remaining fuel loads
after one year, a product of this species’ relatively high leaf litter inputs
and slow decomposition rates, averaging 20-56% more fuel when
compared to the other species in this study. Our modeled scenario also
indicates that shifting dominance among oak species could lead to
changes in fuelbed mass, as the white oak monoculture yielded ~33%
less fuel after one year compared to black or chestnut oak monocultures.
However, it is important to note that other aspects of fuel dynamics
beyond fuel loads may counteract these trends. For example, compared
to several red oaks, white oak is more fire-tolerant (Mann et al., 2020)
with leaf litter that absorbs less water, dries faster, and has more curl
(Kreye et al., 2013) and higher flammability (Kane et al., 2021; Varner

Table 4

Calculated mean (+SE) leaf litter inputs (based on allometric equations), outputs
(based on our decomposition rates), and net leaf litter fuel loads after one year in
a forest entirely composed of American beech, red maple, sugar maple, hickory
spp., chestnut oak, black oak, and white oak at the current overstory/midstory
basal area at Bernheim Arboretum and Research Forest, Kentucky, USA (30 m?
ha™). Hickory included both pignut (C. glabra) and mockernut (C. tomentosa).

Species Leaf litter inputs Leaf litter outputs Net leaf litter fuel
(kg ha™h) (kgha™") loads (kg ha™!)
American 4524.7+ 92.7 1511.2+ 30.9 3013.4+ 61.7
beech
red maple 4287.4+ 67.9 2358.1+ 37.3 1929.3+ 30.5
sugar maple 2778.2+ 86.2 1455.8+ 45.2 1322.4+ 41.0
hickory spp. 3434.3+ 101.0 1561.0+ 45.9 1873.4+ 55.1
chestnut oak 3935.6+ 75.9 1613.2+ 31.1 2321.4+ 44.8
black oak 3745.0+ 457.5 1348.2+ 164.7 2396.8+ 292.8
white oak 2930.0+ 82.6 1347.7+ 38.0 1578.0+ 44.6
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et al., 2021). In addition, there may be non-additive effects on decom-
position rates unaccounted for here such that litter types within mix-
tures decompose differently than would be predicted by the
decomposition rates of litter types in isolation. While we do not expect
monocultures to replace mixed-species forests throughout the eastern
United States, this exercise demonstrates how the replacement of upland
oak by a maple forest could cause pronounced differences in fuelbed
mass over time. Furthermore, as illustrated by American beech and
white oak, our results show how grouping species at the functional level
can lead to erroneous projections of fuelbed dynamics.

5. Conclusions

Our results indicate that inputs of leaf litter from some non-oaks will
lead to increased decomposition rates, a higher proportion of non-oak
leaf litter beneath non-oak crowns, and a possible reduction of fuel
loads across the forest floor, which could lower forest flammability.
Among the species examined in this study, red maple and sugar maple
have the greatest potential to reduce fuel loads through faster decom-
position rates and are expected to expand throughout the central and
eastern United States (Amatangelo et al., 2011; Fei and Steiner, 2007;
Knott et al., 2019). In contrast, American beech leaf litter decomposed
even slower than the oak species and has a high moisture retention ca-
pacity (Kreye et al. 2013), indicating that it may not contribute to this
particular aspect of the mesophication process, but could lower flam-
mability through other leaf litter traits (Babl et al., 2020). The oak
species examined in this study generally produced recalcitrant litter, but
black oak and chestnut oak decomposed more slowly than white oak,
highlighting the importance of species-level variations even among
upland oaks. Quantifying fuel load dynamics is an important part of
determining forest flammability (Grootemaat et al., 2017), but fuelbed
structure, moisture-holding capacity, and leaf litter chemistry un-
doubtedly play a role and complicate our understanding of the meso-
phication process. As forests transition from upland oak to mesophyte
dominance, our results as well as other recent field and laboratory
studies (Kane et al., 2021; Kreye et al., 2018; McDaniel et al., 2021;
Varner et al., 2021), suggest that the ability to implement prescribed fire
on the landscape may become increasingly difficult, and future research
is needed to understand these complex state shifts. Future studies should
explore how decomposition rates, leaf litter chemistry, fuelbed struc-
ture, and understory microclimate work in tandem to inhibit or promote
flammability and identify how mixtures of different species influence
prescribed fire efficacy.
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