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Abstract

The expansion of woody plants into grasslands and old fields is often ascribed to fire sup-
pression and heavy grazing, especially by domestic livestock. However, it is also recognized
that nutrient availability and interspecific competition with grasses and other woody plants
play a role in certain habitats. | examined potential factors causing range- and niche expan-
sion by the eastern redcedar Juniperus virginiana, the most widespread conifer in the east-
ern United States, in multifactorial experiments in a greenhouse. Historical records suggest
that the eastern redcedar is a pioneer forest species, and may be replaced as the forest
increases in tree density due to shading. Another possible factor that affects its distribution
may be nutrient availability, which is higher in old fields and other disturbed lands than in
undisturbed habitats. In its historic range, eastern redcedars are particularly abundant on
limestone outcrops, often termed ‘cedar barrens’. However, the higher abundance on lime-
stone could be due to reduced interspecific competition rather than a preference for high pH
substrates. | manipulated shade, fertilization, lime, and interspecific competition with a com-
mon dominant tree, the post oak Quercus stellata. In a separate experiment, | manipulated
fire and grass competition. | measured growth rates (height and diameter) and above- and
belowground biomass at the end of both experiments. | also measured total non-structural
carbohydrates and nitrogen in these plants. Shade was the most important factor limiting
the growth rates and biomass of eastern redcedars. | also found that there were significant
declines in nitrogen and non-structural carbohydrates when shaded. These results are con-
sistent with the notion that the eastern redcedar is a pioneer forest species, and that shade
is the reason that these redcedars are replaced by other tree species. In the second experi-
ment, | found that a single fire had a negative effect on young trees. There was no significant
effect of competition with grass, perhaps because the competitive effect was shading by
grasses and not nutrient depletion. Overall, the effects of shade were far more apparent
than the effects of fire.

Introduction

Native species are capable of spreading rapidly into new habitats and niches, and act similarly
to invasive species, usually in response to a disturbance of that habitat [1-3]. However, invasive
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species were far more likely than native species to respond to disturbances [2]. Furthermore,
the impacts of range expansion by native species are usually of a much lower magnitude than
those of invasive plant species [2]. However, some authors consider there to be little difference
between invasive species and native invasive (range-expanding) species in terms of their effects
on the environment [4-6]. There clearly are negative effects of range-expanding native species
on features of the environment, including alterations and reductions in diversity [6-13],
diminished light reaching the understory [14], alterations in stream discharge and runoff pat-
terns [15-19], altered soil nitrogen and carbon dynamics [20, 21] and reductions in arbuscular
mycorrhizal fungal diversity [22].

A particularly problematic range-expanding species is the eastern redcedar Juniperus vir-
giniana [23]. This species is the most widespread conifer in eastern North America, and is rap-
idly expanding both its niche [19, 20, 21, 24-29] and its range east of the 100" parallel [30-34].
Encroachment of the eastern redcedar on the Great Plains of the United States may have
exceeded the threshold of control back to natural prairie grassland [35]. There has been about
an 80% increase in the abundance of the eastern redcedar across its range [6]. Possible causes
of change in its niche, and ultimately in its range, include sustained heavy grazing by domestic
livestock [36] and fire suppression [37], although the last-mentioned population increase may
only occur during droughts (i.e., when insufficient water is available) [38]. This species has
also expanded its niche through human plantings, for example, as a windbreak around houses
or a shelterbelt around crop fields, as landscaping, and as wildlife habitat [22, 39, 40]. Eastern
redcedar is also naturally expanding its niche within its historic range [9, 10, 41, 42]. Eastern
redcedar abundance is increasing in terms of area occupied, number of locations, and tree size
[12,32-34, 43].

In addition to expanding into rangelands, where eastern redcedars reduce the amount of
grazing land for cattle and sheep [9, 10, 44] and browsing for wild ungulates [3], this species
causes serious alterations in ecosystem services. For example, reductions in stream run-off and
discharge are widespread where eastern redcedar is abundant [15-18, 45, 46]. There is also evi-
dence of alterations in nitrogen and carbon accumulation in eastern redcedar-encroached
grasslands [21, 47], and little or no increase in carbon storage in eastern redcedar soils on the
Great Plains [48]. Additional ecosystem services that are reduced by niche- and range-expan-
sion of eastern redcedar are bird populations that are grassland-dependent [49, 50]. In general,
there is little evidence of resistance to encroachment by eastern redcedar due to diversity of
competing plants [51]. There are, however, considerable negative effects of eastern redcedar
on the diversity of native plants [11, 14, 44, 52], resulting in near monocultures of eastern red-
cedar (termed the ‘green glacier’ [53]). The costs of removal of encroaching eastern redcedar
are extremely high ([37, 53-58], so alternative means of reducing their densities need to be
sought.

Despite the considerable concern over the range- and niche-expansion of eastern redcedars,
the mechanisms behind its increases in abundance are poorly understood. While there have
been many studies examining the consequences of heavy grazing and fire suppression on its
range expansion, none have simultaneously examined the effects of factors such as shade,
nutrient availability, competition, fire, and tree and grass competition. Furthermore, in many
areas of the U.S. MidWest, eastern redcedar is particularly abundant in high-pH limestone
glades, often termed ‘cedar barrens’ or ‘cedar glades’ ([57, 59-66]. However, the greater abun-
dance of the eastern redcedar on limestone-rich soils than on other soils may be due to
reduced competition there, rather than a preference for high pH per se [62, 67]. Also, eastern
redcedars growing on limestone can be quite short as adults (2-4 m) while on deep, moist,
well-drained alluvial sites they can often reach 16.5-18 m at 50 years of age, indicating that
they grow better on high-nutrient soils [62, 68-70].
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Partitioning of nitrogen and total non-structural carbohydrates (TNC) above- and below-
ground may determine whether there was resource re-allocation that was consistent with opti-
mal partitioning theory (OPT) [71-76]. OPT predicts that plants should allocate biomass to
those parts or organs that most limit growth [71, 75, 77]. Thus, plants living in shaded habitats
should invest more in leaf surface area than plants living in open habitats [78] and plants living
in low-nutrient soils should invest heavily in roots [75]. However, the generality of OPT has
been questioned by several authors [76, 79-82]. For example, under high- and low-light condi-
tions, variation in life-history traits (e.g., deciduous vs. evergreen) explained more of the varia-
tion in factors such as specific leaf area, specific root length and relative growth rate than could
be explained by OPT [82]. Furthermore, much of the variation claimed to be explained by
OPT may be driven by ontogenetic differences in plant size [73, 83-85]. I was particularly
interested in ascertaining the effects of resource-allocation changes appropriate to the effects
of shade, nutrient fertilization, fire and competition, such as increased investment in above-
ground biomass in the shade and re-allocation of storage (particularly non-structural carbohy-
drates) to the roots in the case of low-nutrient soils and greater allocation of nitrogen to the
aboveground parts of the plant when fertilized with nitrogen [72, 86-95].

I established two experiments to test the effects of the main factors affecting the establish-
ment and growth of eastern redcedars:

Experiment 1: I manipulated the presence of shade, fertilizer, lime, and interspecific compe-
tition with a common co-dominant tree, the post oak Quercus stellata. I predicted that shade
would have a significant negative effect on their growth, fertilization and lime addition would
cause an increase in growth, and interspecific competition would lead to a decline in growth.
Plants growing in shade should invest more in aboveground biomass, nitrogen and non-struc-
tural carbohydrates than unshaded plants [78, 92, 96]. Plants growing in low-nutrient soils
should invest in belowground biomass and increased storage of non-structural carbohydrates
[75]. Plants enduring interspecific competition should invest more in non-structural carbohy-
drates to buffer against negative effects of competition than plants not suffering from competi-
tion [95]. If eastern redcedars prefer to grow in high pH conditions (i.e. with lime), they
should invest more in nitrogen and non-structural carbohydrates [97-99].

Experiment 2: I manipulated the presence of fire and grass competition. I predicted that fire
would cause a decline in growth of eastern redcedars as would the presence of the grass com-
petitor. Burned plants should invest in increased nitrogen and in belowground biomass [77].
Similarly, in eastern redcedars suffering from competition with grasses there should be
increased development of belowground biomass and in nonstructural carbohydrate storage
[75].

Methods
Experimental design and treatments

All eastern redcedar saplings were of similar size when purchased from Pineland’s Nursery in
Columbus, New Jersey and were about 18 months old. Mean initial heights of eastern
redcedars + S.E. at the start of the experiment on 23 June 2016 were 138.4 + 2.54 mm, and
mean initial stem diameters + S.E. were 2.6 + 0.06 mm.

In the first experiment, run from May 2016 until August 2018, I manipulated the levels of
shade, fertilizer, lime, and competition with the post oak Quercus stellata in a greenhouse. I
placed one eastern redcedar in each container (for further details, see below). I used Green-
Tek™ knitted 80% shade cloth (BFG Supply, Burton, Ohio) and a control (unshaded). T
checked the shading effect using an AccuPAR model LP-80 ceptometer (Decagon Devices,
Inc., Pullman, Washington) in photosynthetically active radiation (PAR) in the 400-700
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nanometer waveband during biweekly measurements over the study period (32 measurements
during each period). I confirmed that there was a highly significant reduction in the effect of
sunlight caused by the shade cloth (78.7% * 0.53 reduction; minimum = 73% reduction; maxi-
mum = 84% reduction).

I fertilized half the containers with nitrogen at 30 g m ™ twice per year [100], and a control
with half the fertilizer (15 g m™ twice per year). The lower level of fertilization was used to
minimize potential volatilization in case there was insufficient supply from the potting soil
(Scott’s™ Hyponex Potting Soil). I also raised the level of alkalinity in the soil by adding lime
to half the containers to simulate the commonly seen association of eastern redcedars with
limestone habitats and a control. At the end of the experiment, there was a significant differ-
ence in soil pH of the lime treatment (mean pH = 5.7 £ 0.26) and controls (mean
pH =5.4 £0.35) (t = 5.498, p < 0.001). [ also introduced competition with a common tree, the
post oak Quercus stellata, in half the containers (one post oak per container), with the remain-
der being controls (no post oaks). My rationale was that it may not be lime (i.e., high pH per
se) that causes eastern redcedars to be so abundant on cedar barrens but rather because there
are relatively few competitors, particularly trees [59-61]. I used the post oak to test for inter-
specific competition because it is a dominant species over large areas of the midwestern U.S.
[29, 65, 66], particularly in habitats where eastern redcedars are common. I purchased post
oaks from Mossy Oak Nativ Nursery in Westpoint, Mississippi. Mean initial heights of post
oaks were 195.6 + 7.75 mm, and mean initial stem diameters were 4.6 + 0.11 mm.

I used 95 L containers (n = 120) (depth = 70 cm; 55 cm diameter) so that the trees would
not be constrained by soil availability. I used a split-plot experimental design, with shade (and
control) the whole plot (replicated six times) and the sub-plots completely randomized and
consisting of the remaining factors (nutrients, lime, and competition). Water availability was
not manipulated and was provided ad libitum by means of drip irrigation.

In the second experiment, I tested for the effects of fire and grass competition on similarly-
sized young trees (about 18 months old) for one month in a greenhouse. I applied the burning
technique [101, 102] in which a blow torch was held about 20 cm from the tree and burned the
entire height of each tree on two opposing sides (n = 30 burned trees). The other 30 trees were
controls (unburned). I manipulated the presence of grass (Bromus inermis) using half the
burned and half the control trees (n = 15 burned and 15 control). Bromus inermis is a weakly
to strongly rhizomatous invasive C; species that is now found in all states of the United States
and in Canada [103-105]. Grasses were grown for 30 days before the onset of this experiment.
The soil used was Promix®™ Premier Ultimate Potting Mix. In this second experiment, I mea-
sured above- and belowground biomass. For the assessments of storage, I measured total non-
structural carbohydrates using a standard protocol [93, 106, 107]. All of the analyses were
done in a single laboratory because inter-laboratory comparisons have proved problematic in
terms of repeatability [108]. I also recorded % nitrogen in the trees using a Rapid N Exceed™
Elementar nitrogen analyzer. I recorded tree condition as 1 (poor ~mostly dead) to 10 (good).
There was a significant positive correlation between tree condition and total biomass (r = 0.55,
p < 0.001).

Statistical analysis

For the first experiment, I performed a general linear model for repeated measures for a split-
plot design. The design was unbalanced and, consequently, a Type III model was employed. I
first performed a MANOV A because of the large number of dependent variables. The depen-
dent variables were mean relative growth rate (RGR) after one year (height and stem diameter;
starting with initial height and stem diameter), and final mass (measured as total, aboveground
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and belowground), belowground total non-structural carbohydrates (TNC) and total nitrogen.
The independent variables were shade (whole plot), nutrients, lime, and competition (all sub-
plots). All variables were log; transformed to fulfill the requirements of normality and homo-
geneity of variance.

For the second experiment, I used a MANOVA for a completely randomized design on
RGR, final mass (aboveground and belowground), tree condition, non-structural carbohy-
drates (above- and belowground; also analyzed as the constituents of starch and soluble sugars
[94, 95, 108], and total nitrogen (above- and belowground), with fire and grasses as the inde-
pendent variables. I used final total mass (aboveground + belowground) as a covariate.

For the significant variables only, I used general linear models to test for main effects and
interactions. These fire- and grass-experiment data, including tree-condition data, were nor-
mally distributed and were not transformed. I used SPSS v. 26 for all analyses.

Results

Shade, fertilizer, lime and oak competition experiment

All plants survived this experiment. There was a significant effect of shade (whole-plot effect)
on mean relative growth rate (RGR) (final-initial) for redcedar height (F = 464.158, p < 0.001)
and stem diameter (F = 216.786, p < 0.001) (Fig 1A and 1B). There was no significant effect of
the other main factors (fertilizer, lime, competition) nor interaction effects between these vari-
ables for RGR height and stem diameter (p > 0.05).

I found no significant effect of shade with regard to RGR for post-oak height (F = 1.619,

p = 0.215) but there was a significant effect with regard to post-oak stem diameter (F = 22.373,
p < 0.001), with the shade trees (6.4 £ 0.20 mm) having a smaller stem diameter than the con-
trols (8.1 + 0.47 mm). There were no significant main or interaction effects of fertilizer or lime
on RGR for oak height and stem diameter (p > 0.05).

There was a significant main effect of shade on log;, transformed total biomass
(F =353.975, p < 0.001), aboveground biomass (F = 357.079, p < 0.001) and belowground bio-
mass (F =247.147, p < 0.001) of eastern redcedars, with considerably higher values recorded
for all unshaded plants (Fig 2A-2C). There were no other significant main or interaction
effects, with the exception of a three-way interaction of shade X lime X competition on below-
ground biomass (F = 4.418, p = 0.041).

There was a significant effect of shade on N (F = 20.082, p < 0.001) and a significant inter-
action effect of shade X lime X competition (F = 11.349, p = 0.001) but no other significant
interactions or main effects. There was a significant effect of shade (F = 39.842, p < 0.001) and
lime (F = 9.454, p = 0.003) on the concentration of nitrogen belowground (Fig 3). There were
no other significant main or interaction effects.

Burning and grass competition experiment

I recorded multiple dependent variables (tree height, trunk diameter, total biomass, above-
ground biomass, belowground biomass, tree condition, nitrogen, and total non-structural car-
bohydrates (TNC)). Consequently, I used a MANOVA to control for Type I statistical error.
There was a significant effect of burning in the MANOVA (Wilks’ A = 0.580, p = 0.008). How-
ever, there were no significant effects of grass competition (Wilks’ A = 0.706, p = 0.138), nor
significant interaction effects between burning and grass competition (Wilks’ A = 0.678,
p =0.082).

The univariate ANOVA showed that were neither significant differences in tree height
(F =1.038, p = 0.313) nor trunk diameter (F = 1.465, p = 0.231) between burned and unburned
treatments one month after initiation of the experiment. There were significant effects for total
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Fig 1. Mean relative growth rate (RGR) + 1 S.E. of redcedars under half and full fertilization (30 g m™>) in unshaded
(control) (filled circles) and 80% shade (open triangles). a) Mean RGR for height. b) Mean RGR for stem diameter. There
was no significant main effect of fertilizer and no significant interaction between shade and fertilizer.

https://doi.org/10.1371/journal.pone.0242003.g001

biomass (F = 5.239, p = 0.026) and aboveground biomass (F = 6.388, p = 0.014), with the
burned trees weighing less than the control (unburned) trees. However, there was no signifi-
cant difference in belowground biomass between control and burned trees (F = 2.242,
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Fig 2. The log;, mean biomass + S.E. of redcedars of half and full fertilization (30 g m2) under control (closed circles) and shade (open triangles). a) Total
biomass. b) Aboveground biomass. b) Belowground biomass. There were no significant interaction effects between shade and fertilizer nor a significant main effect for
fertilizer.

https://doi.org/10.1371/journal.pone.0242003.9002
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Fig 3. There were significant differences in (a) total non-structural carbohydrates (TNC) belowground and (b) total % nitrogen for shaded plants, but in opposite
directions. Unshaded plants had higher concentrations of TNC and lower concentrations of nitrogen than shaded plants. There was also a significant main effect of lime
addition on (c) nitrogen, with higher concentrations in plants receiving lime addition. G.E. = glucose equivalents. C.I. = 95% confidence interval.

https://doi.org/10.1371/journal.pone.0242003.9003

p = 0.140). There was a significant main effect for burning on tree condition (F = 5.328,
p = 0.025) (Fig 4). All of the burned eastern redcedar trees were in relatively good condition
one month after burning (mean condition + S.E. = 3.43 + 0.358) but their condition was not as
good as the unburned control trees (mean condition + S.E. = 5.07 + 0.571).

There was also a significant reduction in total nitrogen (above- plus below-ground) in
burned compared to unburned plants (F = 6.164, p = 0.016). There was a significant reduction
in % N belowground in burned trees compared to unburned trees (F = 5.500, p = 0.023)
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(control trees = 1.17 + 0.078%; burned trees = 0.88 + 0.062%) but not % aboveground nitrogen
(F =2.419, p = 0.126).

There were no significant differences in soluble starches between burned and unburned
plants both above- and belowground (aboveground: p = 0.503; belowground: p = 0.689), nor
effects of grass competition (p > 0.05) nor interaction between burning and grass competition
(p > 0.05). Similarly, there were no significant differences in soluble sugars or total non-struc-
tural carbohydrates (TNC) above- and belowground (p > 0.05).

Although there were no significant differences in TNC between burned and control trees
(above-, belowground, and total biomass), larger trees stored more TNC than smaller trees,
regardless of treatment. There was a positive correlation between TNC and log;, total biomass
(burned trees: r = 0.59, F = 14.949, p < 0.001; control trees: r = 0.39, F = 5.091, p = 0. 033). Sim-
ilarly, there was a positive correlation between % nitrogen belowground and log;, total bio-
mass for burned trees (r = 0.49, F = 8.629, p = 0.007) but there was no significant relationship
for control (unburned) trees (r = 0.1, F = 0.409, p = 0.528).

Discussion

The clearest result from this study was that eastern redcedars are shade-intolerant. Shade intol-
erance has been recorded for eastern redcedars by other authors [52, 109-112]. Indeed, there
is a light optimum for photosynthesis higher than the maximum photosynthetically active
radiation level that they measured (1750 pmol m~2 s [110]. However, these measurements
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were all done in old-field grasslands; whether there are differences in photosynthetic ability
between forest and old-field eastern redcedars is not known, although differences in pheno-
types have been recorded [62]. Eastern redcedars can survive beneath a mature forest ([109];
pers. obs.). Interestingly, there was also a significant negative effect of shade on RGR diameter
growth (but not height) of post oaks Q. stellata, a species usually considered to occur later in
succession, when there is diminished light in forests [29, 113].

Light attenuation in forests can result in <10% sunlight reaching understory trees [111], yet
eastern redcedars still survive [52]. It is likely that the longer growing season for these ever-
green trees allows them to outcompete deciduous trees in the winter despite the lower light
intensities [52]. I note that, although eastern redcedars are evergreen, they stop growing (even
in the greenhouse in Ohio) over mid-winter when the mean low temperatures in January and
February in neighboring Chardon are -9.8°C and -9.4°C, respectively.

There was no significant effect of soil quality (either fertilization or lime) on relative growth
rate of eastern redcedars in the first experiment. This, at first glance, seems perplexing because
it is known that eastern redcedars grow better in high-nutrient soils [62] and they are known
to be common on limestone substrates [59-66]. Although the eastern redcedar is reputed to be
able to tolerate a wide range of soil types, it has been widely observed that there are noticeable
differences in their phenotypes on different soils [25, 26, 62]. High abundance of nutrients
such as nitrogen may also be important for niche expansion of eastern redcedar, especially in
old fields that were usually fertilized [20, 40, 42, 47, 49, 68, 69, 114]. Furthermore, a combina-
tion of shade and nitrogen fertilization may facilitate tree invasions of grasslands [115]. Possi-
ble reasons for the absence of an effect of nitrogen fertilization is that either there was
sufficient nitrogen supplied by the potting soil, and/or that additional nitrogen would not fur-
ther benefit growth (i.e., following Liebig’s law, there was another nutrient that was limiting
[100]). However, several studies indicate that there is co-limitation of nutrients and not just
nitrogen [116-118]. The purported preference for limestone substrates may reflect the fact
that growing on cedar barrens may be related to the relative absence of interspecific competi-
tion there [64-66]. However, I found no effect of competition with post oaks, a common co-
dominant [70], with the exception of a shade X lime X competition effect on belowground bio-
mass of eastern redcedars. Experiments are currently underway to test whether eastern redce-
dars and post oaks, as well as grasses, are partitioning access to the water resource (Hamati
etal,, in prep.).

Grass competition and fire

I found no support for the role of grass competition in the second experiment. A well-sup-
ported hypothesis to explain the coexistence of trees and grasses in the same habitat is the two-
layer hypothesis [119]. Briefly, this hypothesis posits that grasses monopolize the upper soil
layers while trees mostly use deeper water sources, even reaching as deep as the aquifer. A
global meta-analysis has largely substantiated this hypothesis [120]. Many earlier studies have
shown that there are significant negative effects for range-expanding trees of growing with
grasses, which usually outcompete the woody plants [30, 119-128]. When rain falls, it is mostly
taken up by shallow-rooted grasses. Some water percolates through to reach the deeper roots
of trees. When grasses are heavily grazed, most frequently by domestic livestock, this frees up
water for the trees to exploit. Heavy grazing might thus facilitate niche expansion by trees such
as eastern redcedars because space, nutrients and moisture are provided to woody plants, lead-
ing to a rapid increase in abundance [36, 38, 102, 119, 124, 127, 128]. We [124] have also
found that trees may grow their roots very quickly through the root layer occupied by grasses,
minimizing the time that there is competition between grasses and trees. Another experiment
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clearly showed that absence of grazing resulted in low survival of eastern redcedar seedlings in
grasslands, indicating that competition with herbaceous plants was important [36]. When
grasses are removed by grazing animals, such as cattle, space is made available (and nutrients
probably too) [7, 45, 119, 120, 125], and can often be occupied by eastern redcedar. I did not
examine the effects of competition for water in either of these experiments, which was pro-
vided ad libitum. Fire may enhance the ability of the related redberry junipers Juniperus pinch-
otii in the Edwards Plateau of south-central Texas to outcompete grasses if fire and droughts
occurred contemporaneously [38].

A possible reason for the absence of competition by grasses in the second experiment may
be that the grasses were not sufficiently established to exert a competitive effect (they were
planted one month prior to burning), especially by means of shading which is a common
mechanism used by grasses to outcompete trees [42, 120, 129]. The most important negative
effect of grasses was through a reduction in photosynthetically active radiation (PAR) and only
secondarily by plant-available soil water, as indexed by soil clay content [42]. PAR has also
been found to be of primary importance in grass-induced competition [130]. Because the
grasses used in this experiment were relatively short, they were unlikely to have had a negative
effect on eastern redcedars. However, I note that evidence for competitive effects of grasses on
trees is mixed. Although there was a significant negative of grass competition [124, 126-128],
precipitation has been found to be far more important than grass competition [8]. Both nutri-
ents and water availability have been found to affect competition by grasses on tree seedlings
[131]. For example, Bermuda grass (Cynodon dactylon) suppressed the growth of the sweet
acacia tree (Acacia farnesiana; syn. A. smallii) in nutrient-rich soils but not in nutrient-poor
soils [132]. The soils used in the second experiment were nutrient-rich, but no competitive
effect of grasses or trees on eastern redcedars was observed. However, there may be little effect
of herbaceous plant community diversity or composition on encroachment by eastern redce-
dars [51]. Competition for resources (i.e., nutrients) and non-resources (i.e., interference for
space) could alter the effects of grasses on trees [133]. These authors found that early-succes-
sional forest species, such as eastern redcedars, were affected by both resource competition
and non-resource competition in the form of non-self competition, while late-successional
species, such as the post oak studied in the first experiment, were affected by resource competi-
tion only. I found very little effect of life-form competition (i.e., tree competition by post oaks
on eastern redcedars or vice versa; with the exception of the aforementioned interaction
between shade X lime X competition on belowground biomass of eastern redcedars) in the
first experiment, even in fertilized soils.

Some researchers have found that niche- and range-expansion by eastern redcedar can be
reduced by use of fire [37, 56, 134], although it may be necessary to treat individual trees [135].
In the second experiment reported on here, burned eastern redcedars were smaller after one
month, were in poorer condition (Fig 4), and had lower nitrogen (but not total nonstructural
carbohydrates) than unburned control trees. At least part of the reason for the negative effects
of fire may be related to bark thickness. Bark thickness is known to be related to susceptibility
to fire [122, 136-139]. Trees with thin bark, such as eastern redcedars, are more susceptible to
fire [62]. In general, tree bark gets thicker as trees grow larger [136-138]. Thus, small trees
such as those examined (Fig 4), are likely to be very susceptible to fire. The impact of the fire
regime I applied was high [101, 102]. With less intense fires, it is less likely that larger, older,
non-resprouting trees (such as the eastern redcedar [62]) would suffer mortality [10, 53, 126,
138]. Indeed, topkill (complete death of the aerial biomass) may be necessary to kill juvenile
trees [140, 141], resulting in the ‘fire trap’ [142-144] that prevents them from recruiting into
the adult size classes. However, in the experiment reported on here, there was a considerable
number of young trees that did not die (Fig 4).

PLOS ONE | https://doi.org/10.1371/journal.pone.0242003 December 2, 2020 11/20


https://doi.org/10.1371/journal.pone.0242003

PLOS ONE

Woody range expander

Optimal partitioning theory

Unshaded plants had significantly higher concentrations of total non-structural carbohydrates
(TNC) and lower concentrations of nitrogen than shaded plants (Fig 3). Shade tolerance is
related to non-structural carbohydrate storage in plants [92]. To persist in the shaded under-
story, seedlings must maintain positive net carbon balance [92, 145, 146]. Furthermore, light
availability in the understory is frequently close to the whole plant’s light compensation point,
resulting in large potential consequences for seedling carbon balance [146]. Thus, the results
indicating storage of non-structural carbohydrates reported on from the current study are
consistent with those reported elsewhere. Another study found no relationship between above-
ground productivity and carbon storage in 18 native and 21 non-native species from light-lim-
ited deciduous forest understories of Eastern North America in a common garden [147].
Contrastingly, in the current study, there was a significant difference in TNC due to shading
the eastern redcedars, which were smaller in the shade treatment, although the other factors
did not show any significant effects. Furthermore, larger eastern redcedars stored more TNC
than small trees regardless of burning treatment. Thus, results are not generalizable to all
understory species living in the shade [147, 148].

There was a significant effect of shade on the concentration of nitrogen (Fig 3), with a
decrease in nitrogen concentration in unshaded plants. I did not find a significant effect of
nitrogen fertilization on eastern redcedars in the first experiment. Nitrogen fertilization was
found to have resulted in higher nitrogen content of mature needles of a conifer Pinus radiata
[149]. Nitrogen fertilization also increased the proportion of nitrogen in the needles that was
translocated to the new flush in this species [149].

Inconsistent effects of lime addition have been recorded in a meta-analysis of lime studies,
perhaps due to differences in inherent preference of the target species for high pH soils [99]. I
found a significant positive effect of lime on nitrogen concentration in the first experiment, in
addition to a significant three-way interaction effect on belowground biomass between shade
X lime X competition. My inference from the last-mentioned result is that, if the eastern redce-
dars are enduring competition from post oaks in shade, then lime is likely to have a negative
effect. A similar effect of lime application on nitrogen concentration has been recorded [97].
They ascribed the increase in nitrogen concentration to an increase in the rate of mineraliza-
tion of N by lime fertilization, due to increased microbial activity in lime-rich soils [98].

There were also significant negative effects of fire on growth of eastern redcedars in this
study (Fig 4). I found a reduction in total nitrogen in burned eastern redcedars compared to
unburned trees, which was due to a reduction in nitrogen belowground in burned trees (there
was no difference between aboveground treatments). However, I found no difference in non-
structural carbohydrates between burned and control trees. Contrastingly, a threefold decrease in
total nonstructural carbohydrates (sugars and starches) was found in a resprouting range-
expanding woody shrub Cornus drummondii after browsing and a prescribed fire in Kansas [3].
In another study, root starch was found to be a key nutrient that limits resprouting ability after
fires in two savanna shrubs, Miconia albicans and Clidemia sericea [150]. However, root starch
reserves were replenished in both species within two years after a burn [150], suggesting that only
annual burns would cause a net loss of individuals. In the experiments reported on in the current
study, there was a significant correlation between TNC and tree size, with larger trees storing
more non-structural carbohydrates than smaller trees, regardless of treatment. This pattern also
occurred for nitrogen in burned but not control trees. There was no significant differentiation in
soluble sugars or starches with regard to the burning treatment. Thus, only the prediction regard-
ing the negative effect of shading on TNC and elevated N with lime application were substanti-
ated. Thus, optimal partitioning theory can only be considered to be partly supported.
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Conclusions and future directions

I conclude that shade has a far greater effect than fire in controlling the growth of eastern red-
cedars. Furthermore, the effects of fertilizer and lime additions were small, although the sus-
tained long-term benefits for an eastern redcedar tree to be in a high-nutrient site or high lime
sites are probably considerable. Interestingly, there were few effects of interspecific competi-
tion with a common co-dominant, the post oak, indicating that neither a preference for lime
substrates nor avoidance of competition could explain their use of cedar barrens [57, 60, 66].
However, it is possible that avoidance of grass competition rather than competition with other
trees may have been of importance. This result was not substantiated in the second experi-
ment; there was no evidence of grass competition [130, 151], although perhaps the grasses
could shade out the young seedlings, preventing their establishment, much in the same way as
shade had a significant negative effect on the growth of young redcedars.

There may also be an interaction between nutrient availability and fire [42]; some of the
oldest eastern redcedar trees (in excess of 500 years old) can be quite short (1.7-2.0 m) where
they occur on low-nutrient soils in rocky areas where fires are rare, such as on the infertile
soils of the Niotaze-Darnell complex on the steep cliffs in the Cross Timbers of Oklahoma,
Arkansas, and Missouri [152]. In the Great Plains states of the U.S., the abundance of eastern
redcedar in grasslands may be related to both heavy grazing and fire suppression [9, 10, 29,
152-156]. An important factor that may interact with the effects of fire and grazing may be the
timing of fire, that was not tested in this experiment. When fires occur at the beginning of the
wet season (i.e., before tree seeds are produced), then fire creates space in the grass sward for
the tree seeds to germinate en masse, resulting in range expansion of woody plants [7]. How-
ever, if fires occur at the end of the wet season, those young tree seedlings that have managed
to recruit during the wet season will be killed by the fire, and little or no range expansion will
occur. These conclusions are consistent with those of Twidwell et al. (2016) [38] who found
that fire interacted with drought in reducing the abundance of the eastern redcedar on the
Great Plains. Future studies could manipulate root non-structural carbohydrates [157] to test
the effects of storage on responses to grazing and fire.

Acknowledgments

I am very grateful to Christian Combs, Jonathan Nieves, Melissa Davis, Brandon Davis, Lauren
Baldarelli, and Cindy Perkovich for their assistance. I also thank John Granny for providing
greenhouse facilities at Kent State University’s Geauga campus and Jim Morales for his techni-
cal assistance.

Author Contributions
Conceptualization: David Ward.
Data curation: David Ward.

Formal analysis: David Ward.
Funding acquisition: David Ward.
Investigation: David Ward.
Methodology: David Ward.

Project administration: David Ward.

Resources: David Ward.

PLOS ONE | https://doi.org/10.1371/journal.pone.0242003 December 2, 2020 13/20


https://doi.org/10.1371/journal.pone.0242003

PLOS ONE

Woody range expander

Supervision: David Ward.

Validation: David Ward.

Visualization: David Ward.
Writing - original draft: David Ward.

Writing - review & editing: David Ward.

References

1. Simberloff D. Invasive species. In: Sodhi NS, Ehrlich PR, editors. Conservation Biology for All. Oxford,
UK: Oxford University Press; 2010. p. 131-52.

2. Simberloff D, Souza L, Nufiez MA, Barrios-Garcia MN, Bunn W. The natives are restless, but not often
and mostly when disturbed. Ecology. 2012; 93:598—-607. https://doi.org/10.1890/11-1232.1 PMID:
22624214

3. O’Connor RC, Taylor JH, Nippert JB. Browsing and fire decreases dominance of a resprouting shrub
in woody encroached grassland. Ecology. 2020; 101:e02935. https://doi.org/10.1002/ecy.2935 PMID:
31746458

4. ValeryL, Fritz H, Lefeuvre J-C, Simberloff D. Invasive species can also be native. Trends in Ecology
and Evolution. 2009; 24:585. https://doi.org/10.1016/j.tree.2009.07.003 PMID: 19762116

5. Davis MA, Chew MK, Hobbs RJ, Lugo AE, Ewel JJ, Vermeij GJ, et al. Don’t judge species on their ori-
gins. Nature. 2011; 474:153—4. https://doi.org/10.1038/474153a PMID: 21654782

6. Nackley LL, West AG, Skowno AL, Bond WJ. The nebulous ecology of native invasions. Trends in
Ecology and Evolution. 2017; 32:814—24. https://doi.org/10.1016/j.tree.2017.08.003 PMID: 28890126

7. Ward D. Do we understand the causes of bush encroachment in African savannas? African Journal of
Range and Forage Science. 2005; 22:101-5.

8. Kraaij T, Ward D. Effects of rain, nitrogen, fire and grazing on tree recruitment and early survival in
bush encroached savanna, South Africa. Plant Ecology. 2006; 186:235—46.

9. Briggs JM, Hoch GA, Johnson LC. Assessing the rate, mechanisms, and consequences of the conver-
sion of tallgrass prairie to Juniperus virginiana forest. Ecosystems. 2002; 5:578-86.

10. Briggs JM, Knapp AK, Brock BL. Expansion of woody plants in tallgrass prairie: A 15 year study of fire
and fire-grazing interactions. American Midland Naturalist. 2002; 147:287—94.

11. Linneman JS, Palmer MW. The effect of Juniperus virginiana on plant species composition in an Okla-
homa grassland. Community Ecology. 2006; 7:235—44.

12. VanEls P, Will RE, Palimer MW, Hickman KR. Changes in forest understory associated with Juniperus
encroachment in Oklahoma, USA. Applied Vegetation Science. 2010; 13:356—68.

13. Ratajczak Z, Nippert JB, Collins SL. Woody encroachment decreases diversity across North American
grasslands and savannas. Ecology. 2012; 93:697-7083. https://doi.org/10.1890/11-1199.1 PMID:
22690619

14. Limb R, Engle DM, Alford AL, Hellgren EC. Tallgrass prairie plant community dynamics along a can-
opy cover gradient of eastern red cedar (Juniperus virginiana L.). Rangeland Ecology and Manage-
ment. 2010; 63:638—44.

15.  Wine ML, Hendrickx JMH. Biohydrologic effects of eastern red cedar encroachment into grassland,
Oklahoma, USA. Biologia. 2013; 68:1132-5.

16. Zou CB, Qiao L, Wilcox BP. Woodland expansion in central Oklahoma will significantly reduce stream-
flows—A modelling analysis. Ecohydrology. 2016; 9:807—-16.

17. Qiaol, Zou CB, Stebler E, Will RE. Woody plant encroachment reduces annual runoff and shifts runoff
mechanisms in the tallgrass prairie, USA. Water Resources Research. 2017; 53:4838—49.

18. Starks PJ, Moriasi DN. Impact of eastern red cedar encroachment on stream discharge in the North
Canadian River basin. Journal of Soil and Water Conservation. 2017; 72:12-25.

19. Tomiolo S, Ward D. Species migrations and range shifts: A synthesis of causes and consequences.
Perspectives in Plant Ecology, Evolution and Systematics. 2018; 33:62—77.

20. Norris JE, Blair JM, Johnson LC. Altered ecosystem nitrogen dynamics as a consequence of land
cover change in tallgrass prairie. American Midland Naturalist. 2007; 158:432—45.

21. McKinley DC, Blair JM. Woody plant encroachment by Juniperus virginiana in a mesic native grass-

land promotes rapid carbon and nitrogen accrual. Ecosystems. 2008; 11:454—68.

PLOS ONE | https://doi.org/10.1371/journal.pone.0242003 December 2, 2020 14/20


https://doi.org/10.1890/11-1232.1
http://www.ncbi.nlm.nih.gov/pubmed/22624214
https://doi.org/10.1002/ecy.2935
http://www.ncbi.nlm.nih.gov/pubmed/31746458
https://doi.org/10.1016/j.tree.2009.07.003
http://www.ncbi.nlm.nih.gov/pubmed/19762116
https://doi.org/10.1038/474153a
http://www.ncbi.nlm.nih.gov/pubmed/21654782
https://doi.org/10.1016/j.tree.2017.08.003
http://www.ncbi.nlm.nih.gov/pubmed/28890126
https://doi.org/10.1890/11-1199.1
http://www.ncbi.nlm.nih.gov/pubmed/22690619
https://doi.org/10.1371/journal.pone.0242003

PLOS ONE

Woody range expander

22,

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Liang ZB, Lee DJ, Dweikat IM, Wedin DA, Yuen GY, Drijber RA. Molecular diversity of arbuscular
mycorrhizae in roots of Juniperus virginiana invasive to grasslands. Soil Science Society of America
Journal. 2017; 81:526-36.

Leis SA, Blocksome CE, Twidwell D, Fuhlendorf SD, Briggs JM, Sanders LD. Juniper invasions in
grasslands: research needs and intervention strategies. Rangelands. 2017; 39:64-72.

Phillips FJ. The dissemination of junipers by birds. Forestry Quarterly. 1910; 8:60-73.

Harper RM. The diverse habitats of eastern red cedar and their interpretation. Torreya. 1912; 12:145-
54,

Graf DI, Landers RQ, Poulter RW. Distribution patterns of eastern red-cedar Juniperus virginiana L. in
Henry County, lowa. Proceedings of the lowa Academy of Science. 1965; 72:98—105.

Holthuijzen AMA, Sharik TL, Fraser JD. Dispersal of eastern red cedar (Juniperus virginiana) into pas-
tures: An overview. Canadian Journal of Botany. 1987; 65:1092-5.

Horncastle VJ, Hellgren EC, Mayer PM, Engle DM, Leslie DM. Differential consumption of eastern red
cedar (Juniperus virginiana) by avian and mammalian guilds: Implications for tree invasion. American
Midland Naturalist. 2004; 152:255-67.

Hoff DL, Will RE, Zou CB, Lillie ND. Encroachment dynamics of Juniperus virginiana L. and mesic
hardwood species into Cross Timbers forests of north-central Oklahoma, USA. Forests. 2018; 9:e75.
https://doi.org/10.3390/f9020075

Knapp AK, McCarron JK, Silletti AM, Hoch GA, Heisler JL, Lett MS, et al. Ecological consequences of
the replacement of native grassland by Juniperus virginiana and other woody plants. In: Van Auken
OW, editor. Western North American Juniperus Communities: A Dynamic Vegetation Type. Berlin,
Germany: Springer; 2008. p. 156—69.

Starks PJ, Venuto BC, Eckroat JA, Lucas T. Measuring eastern red cedar (Juniperus virginiana L.)
mass with the use of satellite imagery. Rangeland Ecology and Management. 2011; 64:178-86.

Meneguzzo DM, Liknes GC. Status and trends of eastern red cedar (Juniperus virginiana) in the cen-
tral United States: Analyses and observations based on forest inventory and analysis data. Journal of
Forestry. 2015; 113:325-34.

Wang J, Xiao X, Qin Y, Dong J, Geissler G, Zhang G, et al. Mapping the dynamics of eastern redcedar
encroachment into grasslands during 1984—-2010 through PALSAR and time series Landsat images.
Remote Sensing of Environment. 2017; 190:233—-46.

Wang J, Xiao X, Qin 'Y, Doughty RB, Dong J, Zou Z. Characterizing the encroachment of juniper for-
ests into sub-humid and semi-arid prairies from 1984 to 2010 using PALSAR and Landsat data.
Remote Sensing of Environment. 2018; 205:166—79.

Ratajczak Z, Briggs JM, Goodin DG, Mohler R, Nippert JB, Obermeye BK. Assessing the potential for
transitions from tallgrass prairie to woodlands: are we operating beyond critical transitions? Rangeland
Ecology and Management. 2016; 69:280—7.

Schmidt TL, Stubbendieck J. Factors influencing eastern red cedar seedling survival on rangeland.
Journal of Range Management. 1993; 46:448-51.

Jones MD, Bowles ML. Eastern redcedar dendrochronology links hill prairie decline with decoupling
from climatic control of fire regime and reduced fire frequency. Journal of the Torrey Botanical Society.
2016; 143:239-58. https://doi.org/10.3159/TORREY-D-15-00053

Twidwell D, Rogers WE, Wonkka CL, Taylor CA, Kreuter UP. Extreme prescribed fire during drought
reduces survival and density of woody resprouters. Journal of Applied Ecology. 2016; 53:1585-96.

Knezevic S, Melvin S, Gompert T, Gramlich S. Integrated Management of Eastern Redcedar. Univer-
sity Nebraska-Lincoln Extension. 2005;EC186.

Msanne J, Awada T, Bryan NM, Schacht W, Drijber R, Li Y, et al. Ecophysiological responses of native
invasive woody Juniperus virginiana L. to resource availability and stand characteristics in the semiarid
grasslands of the Nebraska sandhills. Photosynthetica. 2017; 55:219-30.

Van Auken OW. Shrub invasions of North American semiarid grasslands. Annual Review of Ecology
and Systematics. 2000; 31:197-215.

Ganguli AC, Engle DM, Mayer PM, Salo LF. Influence of resource availability on Juniperus virginiana
expansion in a forest—prairie ecotone. Ecosphere. 2016; 7:e01433.

Wilson J, Schmidt T. Controlling eastern red cedar on rangelands and pastures. Rangelands. 1990;
12:156-8.

Gehring JL, Bragg TB. Changes in prairie vegetation under eastern red cedar (Juniperus virginiana L.)
in an eastern Nebraska bluestem prairie. American Midland Naturalist. 1992; 128:209-17.

Eggemeyer KD, Awada T, Harvey FE, Wedin DA, Zhou X, Zanner CW. Seasonal changes in depth of
water uptake for encroaching trees Juniperus virginiana and Pinus ponderosa and two dominant C,

PLOS ONE | https://doi.org/10.1371/journal.pone.0242003 December 2, 2020 15/20


https://doi.org/10.3390/f9020075
https://doi.org/10.3159/TORREY-D-15-00053
https://doi.org/10.1371/journal.pone.0242003

PLOS ONE

Woody range expander

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.
63.
64.

65.

66.

67.

68.

69.

grasses in a semiarid grassland. Tree Physiology. 2009; 29:157-69. https://doi.org/10.1093/treephys/
tpn019 PMID: 19203941

Eggemeyer KD, Awada T, Wedin DA, Harvey FE, Zhou X. Ecophysiology of two native invasive
woody species and two dominant warm-season grasses in the semiarid grasslands of the Nebraska
sandhills. International Journal of Plant Sciences. 2006; 167:991-9.

Norris MD, Blair JM, Johnson LC, McKane RB. Assessing changes in biomass, productivity, and C
and N stores following Juniperus virginiana forest expansion into tallgrass prairie. Canadian Journal of
Forest Research. 2001; 31:1940-6. https://doi.org/10.1139/cjfr-31-11-1940

Smith DL, Johnson LC. Expansion of Juniperus virginiana L. in the Great Plains: Changes in soil
organic carbon dynamics. Global Biogeochemical Cycles. 2003; 17:e1062. https://doi.org/10.1029/
2002GB001990

Coppedge BR, Engle DM, Masters RA, Gregory MS. Predicting juniper encroachment and CRP
effects on avian community dynamics in southern mixed-grass prairie, USA. Biological Conservation.
2004; 115:431-41.

Frost JS, Powell LA. Cedar infestation impacts avian communities along the Niobrara River Valley,
Nebraska. Restoration Ecology. 2011; 19:529-36.

Ganguli AC, Engle DM, Mayer PM, Hellgren EC. Plant community diversity and composition provide
little resistance to Juniperus encroachment. Botany. 2008; 86:1416-26.

Lassoie JP, Dougherty PM, Reich PB, Hinckley TM, Metcalf CM, Dina SJ. Ecophysiological investiga-
tions of understory eastern red cedar in central Missouri. Ecology. 1983; 64:1355-66.

Engle DM, Coppedge BR, Fuhlendorf SD. From the Dust Bowl to the Green Glacier: Human activity
and environmental change in Great Plains grasslands. In: Van Auken OW, editor. Western North
American Juniperus Communities: A Dynamic Vegetation Type. 196. Berlin, Germany: Springer;
2008. p. 253-71.

Ortmann J, Stubbendieck J, Masters RA, Pfeiffer GH, Bragg TB. Efficacy and costs of controlling east-
ern redcedar. Journal of Range Management. 1998; 51:158-63.

Schmidt TL, Wardle TD. Impact of pruning eastern redcedar (Juniperus virginiana). Western Journal
of Applied Forestry. 2002; 17:189-93.

Morton LW, Regen E, Engle DM, Miller JR, Harr RN. Perceptions of landowners concerning conserva-
tion, grazing, fire and eastern redcedar management in tallgrass prairie. Rangeland Ecology and Man-
agement. 2010; 63:645-54.

Pierce AM, Reich PB. The effects of eastern red cedar (Juniperus virginiana) invasion and removal on
a dry bluff prairie ecosystem. Biological Invasions. 2010; 12:241-52.

Ramli NN, Epplin FM, Boyer TA. Cost of removing and assembling biomass from rangeland encroach-
ing eastern redcedar trees for industrial use. Rangelands. 2017; 39:187-97.

Baskin CC, Baskin JM. The cedar glade flora of Bullitt County, Kentucky. Castanea. 1975; 40:184—90.

Aldrich JR, Bacone JA, Hutchison MD. Limestone glades of Harrison County, Indiana. Proceedings of
the Indiana Academy of Science. 1981; 91:480-5.

Wade KA, Menges ES. Effects of fire on invasion and community structure of a southern Indiana
cedar barrens. Proceedings of the Indiana Academy of Science. 1986; 96:273-86.

Lawson ER. Juniperus virginiana L. eastern redcedar. Silvics of North America. 1990; 1:131-40.
Bartgis RL. The limestone glades and barrens of West Virginia. Castanea. 1993; 58:69-89.

McClain WE, Ebinger JE. A comparison of the vegetation of three limestone glades in Calhoun
County, lllinois. Southeastern Naturalist. 2002; 1:179-88.

Baskin JM, Baskin CC. History of the use of "cedar glades" and other descriptive terms for vegetation
on rocky limestone soils in the central basin of Tennessee. Botanical Review. 2004; 70:403-24.

Mills JE. Fifty years of change in Wisconsin cedar glades. American Midland Naturalist. 2008;
159:214-24.

Tomiolo S, Ward D. Soil properties and climate mediate the effects of biotic interactions on the perfor-
mance of a woody range expander. Ecosphere. 2018; 9:e02186. https://doi.org/10.1002/ecs2.2186

Henry PH, Blazich FA, Hinesley LE, Wright RD. Nitrogen nutrition of containerized eastern redcedar. I.
Growth, mineral nutrient concentrations, and carbohydrate status. Journal of the American Society for
Horticultural Science. 1992; 117:563-7.

Henry PH, Blazich FA, Hinesley LE. Nitrogen nutrition of containerized eastern redcedar. Il. Influence
of stock plant fertility on adventitious rooting of stem cuttings. Journal of the American Society for Horti-
cultural Science. 1992; 117:568-70.

PLOS ONE | https://doi.org/10.1371/journal.pone.0242003 December 2, 2020 16/20


https://doi.org/10.1093/treephys/tpn019
https://doi.org/10.1093/treephys/tpn019
http://www.ncbi.nlm.nih.gov/pubmed/19203941
https://doi.org/10.1139/cjfr-31-11-1940
https://doi.org/10.1029/2002GB001990
https://doi.org/10.1029/2002GB001990
https://doi.org/10.1002/ecs2.2186
https://doi.org/10.1371/journal.pone.0242003

PLOS ONE

Woody range expander

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

Clark SL, Hallgren SW, Stahle DW, Lynch TB. Characteristics of the Keystone Ancient Forest Pre-
serve, and old-growth forest in the Cross Timbers of Oklahoma, USA. Natural Areas Journal. 2005;
25:165-75.

Bloom AJ, Chapin FS, Mooney HA. Resource limitation in plants—an economic analogy. Annual
Review of Ecology and Systematics. 1985; 16:363-92.

Chapin FS, Schulze E-D, Mooney HA. The ecology and economics of storage in plants. Annual
Review of Ecology and Systematics. 1990; 21:423-47.

Gedroc JJ, McConnaughay KDM, Coleman JS. Plasticity in root / shoot partitioning: Optimal, ontoge-
netic, or both? Functional Ecology. 1996; 10:44-50.

Kobe RK. Carbohydrate allocation to storage as a basis of interspecific variation in sapling survivorship
and growth. Oikos. 1997; 80:226-33.

Kobe RK, lyer M, Walters MB. Optimal partitioning theory revisited: nonstructural carbohydrates domi-
nate root mass responses to nitrogen. Ecology. 2010; 91(1):166—79. https://doi.org/10.1890/09-0027.
1 PMID: 20380206

Hertel D, Strecker T, Muller-Haubold H, Leuschner C. Fine root biomass and dynamics in beech for-
ests across a precipitation gradient—is optimal resource partitioning theory applicable to water-limited
mature trees? Journal of Ecology. 2013; 101:1183-200.

Mbatha KR, Ward D. The effects of grazing, fire, nitrogen and water availability on nutritional quality of
grass in semi-arid savanna, South Africa. Journal of Arid Environments. 2010; 74:1294-301.

Markesteijn L, Poorter L. Seedling root morphology and biomass allocation of 62 tropical tree species
in relation to drought- and shade-tolerance. Journal of Ecology. 2009; 97:311-25.

Van Der Werf A, Visser AJ, Schieving F, Lambers H. Evidence for optimal partitioning of biomass and
nitrogen at a range of nitrogen availabilities for a fast-and slow-growing species. Functional Ecology.
1993; 7:63-74.

Coleman JS, McConnaughay KDM. A nonfunctional interpretation of a classical optimal-partitioning
example. Functional Ecology. 1995; 9:951-4.

Coleman JS, McConnaughay KDM, Ackerly DD. Interpreting phenotypic variation in plants. Trends in
Ecology and Evolution. 1994; 9:187-91. https://doi.org/10.1016/0169-5347(94)90087-6 PMID:
21236817

Reich PB, Tjoelker MG, Walters MB, Vanderklein DW, Buschena C. Close association of RGR, leaf
and root morphology, seed mass and shade tolerance in seedlings of nine boreal tree species grown
in high and low light. Functional Ecology. 1998; 12:327-38.

Enquist BJ, Niklas KJ. Global allocation rules for patterns of biomass partitioning in seed plants. Sci-
ence. 2002; 295:1517-20. https://doi.org/10.1126/science.1066360 PMID: 11859193

Niklas KJ. Plant allometry: Is there a grand unifying theory? Biological Reviews. 2004; 79:871-89.
https://doi.org/10.1017/s1464793104006499 PMID: 15682874

McCarthy MC, Enquist BJ. Consistency between an allometric approach and optimal partitioning the-
ory in global patterns of plant biomass allocation. Functional Ecology. 2007; 21:713-20.

Dickson RE. Carbon and nitrogen allocation in trees. Annales des Sciences Forestiéres. 1989;
46S:631S-47S.

Hollinger DY. Optimality and nitrogen allocation in a tree canopy. Tree Physiology. 1996; 16:627-34.
https://doi.org/10.1093/treephys/16.7.627 PMID: 14871700

Grace J. Toward models of resource allocation by plants. In: Bazzaz FA, Grace J, editors. Plant
Resource Allocation. San Diego, CA: Academic Press; 1997. p. 279-91.

Sakai A, Sakai S. A test for the resource remobilization hypothesis: Tree sprouting using carbohy-
drates from above-ground parts. Annals of Botany. 1998; 82:213-6.

Canham CD, Kobe RK, Latty EF, Chazdon RL. Interspecific and intraspecific variation in tree seedling
survival: Effects of allocation to roots versus carbohydrate reserves. Oecologia. 1999; 121:1-11.
https://doi.org/10.1007/s004420050900 PMID: 28307877

Hodge A. The plastic plant: Root responses to heterogeneous supplies of nutrients. New Phytologist.
2004; 162:9-24.

Myers JA, Kitajima K. Carbohydrate storage enhances seedling shade and stress tolerance in a neo-
tropical forest. Journal of Ecology. 2007; 95:383-95.

Tomlinson KW, Sterck FJ, Bongers F, Da Silva DA, Barbosa ERM, Ward D, et al. Biomass partitioning
and root morphology of savanna trees across a water gradient. Journal of Ecology. 2012; 100:1113—
21.

PLOS ONE | https://doi.org/10.1371/journal.pone.0242003 December 2, 2020 17/20


https://doi.org/10.1890/09-0027.1
https://doi.org/10.1890/09-0027.1
http://www.ncbi.nlm.nih.gov/pubmed/20380206
https://doi.org/10.1016/0169-5347%2894%2990087-6
http://www.ncbi.nlm.nih.gov/pubmed/21236817
https://doi.org/10.1126/science.1066360
http://www.ncbi.nlm.nih.gov/pubmed/11859193
https://doi.org/10.1017/s1464793104006499
http://www.ncbi.nlm.nih.gov/pubmed/15682874
https://doi.org/10.1093/treephys/16.7.627
http://www.ncbi.nlm.nih.gov/pubmed/14871700
https://doi.org/10.1007/s004420050900
http://www.ncbi.nlm.nih.gov/pubmed/28307877
https://doi.org/10.1371/journal.pone.0242003

PLOS ONE

Woody range expander

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112,

113.

114.

115.

116.

117.

118.

Dietze MC, Sala A, Carbone MS, Czimczik Cl, Mantooth JA, Richardson AD, et al. Nonstructural car-
bon in woody plants. Annual Review of Plant Biology. 2014; 65:667—-87. https://doi.org/10.1146/
annurev-arplant-050213-040054 PMID: 24274032

Martinez-Vilalta J, Sala A, Asensio D, Galiano L, Hoch G, Palacio S, et al. Dynamics of non-structural
carbohydrates in terrestrial plants: A global synthesis. Ecological Monographs. 2016; 86:495-516.

Ryser P, Eek L. Consequences of phenotypic plasticity vs. interspecific differences in leaf and root
traits for acquisition of aboveground and belowground resources. American Journal of Botany. 2000;
87:402—11. PMID: 10719001

Edmeades DC, Judd M, Sarathchandra SU. The effect of lime on nitrogen mineralization as measured
by grass growth. Plant and Soil. 1981; 60:177-86.

Kennedy N, Brodie E, Connolly J, Clipson N. Impact of lime, nitrogen and plant species on bacterial
community structure in grassland microcosms. Environmental Microbiology. 2004; 6:1070-80. https:/
doi.org/10.1111/j.1462-2920.2004.00638.x PMID: 15344932

Altland JE, Jeong KY. Dolomitic lime amendment affects pine bark substrate pH, nutrient availability,
and plant growth: A review. HortTechnology. 2016; 26:565—73.

Tilman D. Secondary succession and the pattern of plant dominance along experimental nitrogen gra-
dients. Ecological Monographs. 1987; 57:189-214.

Hean J, Ward D. Fire and herbivory are not substitutable: Evidence from regrowth patterns and
changes in physical and chemical defences in Acacia seedlings. Journal of Vegetation Science. 2012;
23:13-23.

Vadigi S, Ward D. Fire and nutrient gradient effects on the sapling ecology of four Acacia species in
the presence of grass competition. Plant Ecology. 2012; 213:1793-802.

D’Antonio CM, Vitousek PM. Biological invasions by exotic grasses, the grass/fire cycle, and global
change. Annual Review of Ecology and Systematics. 1992; 23:63-87.

Nernberg D, Dale MRT. Competition of five native prairie grasses with Bromus inermis under three
moisture regimes. Canadian Journal of Botany. 1997; 75:2140-5.

Otfinowski R, Kenkel NC, Catling PM. The biology of Canadian weeds.134. Bromus inermis Leyss.
Canadian Journal of Plant Sciences. 2007; 87:183-98.

Schutz A, Cramer MD, Bond WJ. Juggling carbon: Allocation patterns of a dominant tree in a fire-
prone savanna. Oecologia. 2009; 160:235-46. https://doi.org/10.1007/s00442-009-1293-1 PMID:
19214583

Ward D. Clipping frequency but not nutrients affect the architecture and non-structural carbohydrates
of a browsing lawn. Plant Ecology. 2016; 217:21-9.

Quentin AG, Pinkard EA, Ryan MG, Tissue DT, Baggett LS, Adams HD, et al. Non-structural carbohy-
drates in woody plants compared among laboratories. Tree Physiology. 2015; 35:1146—65. https://doi.
org/10.1093/treephys/tpv073 PMID: 26423132

Beilmann AP, Brenner LG. The recent intrusion of forests in the Ozarks. Annals of the Missouri Botani-
cal Garden. 1951; 38:261-82.

Ormsbee P, Bazzaz FA, Boggess WR. Physiological ecology of Juniperus virginiana in oldfields.
Oecologia. 1976; 23:75-82. https://doi.org/10.1007/BF00351216 PMID: 28309214

Hinckley TM, Teskey RO, Duhme F, Richter H. The water relations of the hardwood forest. In:
Kozlowski TT, editor. Water Deficits and Plant Growth. New York: Academic Press; 1981. p. 153—
208.

Monaco TA, Briske DD. Does resource availability modulate shade avoidance responses to the ratio
of red to far-red irradiation? An assessment of radiation quantity and soil volume. New Phytologist.
2000; 146:37-46.

Abrams MD. Fire and the development of oak forests. BioScience. 1992; 42:346-53.

Bekele A, Hudnall WH. Response of soil d15N and nutrients to eastern red cedar (Juniperus virgini-
ana) encroachment into a relict calcareous prairie. Plant and Soil. 2005; 271:143-55.

Siemann E, Rogers W. Changes in light and nitrogen availability under pioneer trees may indirectly
facilitate tree invasions of grasslands. Journal of Ecology. 2003; 91:923-31.

Danger M, Daufresne T, Lucas F, Pissard S, Lacroix G. Does Liebig’s Law of the Minimum scale up
from species to communities? Oikos. 2008; 117:1741-51.

Craine JM, Jackson RD. Plant nitrogen and phosphorus limitation in 98 North American grassland
soils. Plant and Soil. 2009; 334:73-84.

Harpole WS, Ngai JT, Cleland EE, Seabloom EW, Borer ET, Bracken MES, et al. Nutrient co-limitation
of primary producer communities. Ecology Letters. 2011; 14:852—62. https://doi.org/10.1111/j.1461-
0248.2011.01651.x PMID: 21749598

PLOS ONE | https://doi.org/10.1371/journal.pone.0242003 December 2, 2020 18/20


https://doi.org/10.1146/annurev-arplant-050213-040054
https://doi.org/10.1146/annurev-arplant-050213-040054
http://www.ncbi.nlm.nih.gov/pubmed/24274032
http://www.ncbi.nlm.nih.gov/pubmed/10719001
https://doi.org/10.1111/j.1462-2920.2004.00638.x
https://doi.org/10.1111/j.1462-2920.2004.00638.x
http://www.ncbi.nlm.nih.gov/pubmed/15344932
https://doi.org/10.1007/s00442-009-1293-1
http://www.ncbi.nlm.nih.gov/pubmed/19214583
https://doi.org/10.1093/treephys/tpv073
https://doi.org/10.1093/treephys/tpv073
http://www.ncbi.nlm.nih.gov/pubmed/26423132
https://doi.org/10.1007/BF00351216
http://www.ncbi.nlm.nih.gov/pubmed/28309214
https://doi.org/10.1111/j.1461-0248.2011.01651.x
https://doi.org/10.1111/j.1461-0248.2011.01651.x
http://www.ncbi.nlm.nih.gov/pubmed/21749598
https://doi.org/10.1371/journal.pone.0242003

PLOS ONE

Woody range expander

119.

120.

121.

122,

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142,

143.

Walter H. Grassland, savanne und busch der arideren teile Afrikas in ihrer 6kologischen bedingheit.
Jahrbucher fiir Wissenschaftliche Botanik. 1939; 87:750-860.

Ward D, Wiegand K, Getzin S. Walter's two-layer hypothesis revisited: Back to the roots! Oecologia.
2013; 172:617-30. https://doi.org/10.1007/s00442-012-2538-y PMID: 23266712

Belsky AJ. Influences of trees on savanna productivity: Tests of shade, nutrients, and tree-grass com-
petition. Ecology. 1994; 75:922-32.

Bond WJ. What limits trees in C4 grasslands and savannas? Annual Review of Ecology, Evolution and
Systematics. 2008; 39:641-59.

Riginos C. Grass competition suppresses savanna tree growth across multiple demographic stages.
Ecology. 2009; 90:335—-40. https://doi.org/10.1890/08-0462.1 PMID: 19323216

Ward D, Esler KJ. What are the effects of substrate and grass removal on recruitment of Acacia melli-
fera seedlings in a semi-arid environment? Plant Ecology. 2011; 212:245-50.

Cramer MD, Wakeling JL, Bond WJ. Belowground competitive suppression of seedling growth by
grass in an African savanna. Plant Ecology. 2012; 213:1655-66.

Grellier S, Barot S, Janeau J-L, Ward D. Grass competition is more important for Acacia recruitment
than seed ingestion by livestock. Plant Ecology. 2012; 213:899-908.

Vadigi S, Ward D. Shade, nutrients, and grass competition are important for tree sapling establishment
in a humid savanna. Ecosphere. 2013; 4:e142. https://doi.org/10.1890/ES13-00239.1

Tjelele JT, Ward D, Dziba L. The effects of seed ingestion by livestock, dung fertilization, trampling,
grass competition and fire on seedling establishment of two woody plant species. PLoS ONE. 2015;
10:e0117788. https://doi.org/10.1371/journal.pone.0117788 PMID: 25695765

Twidwell D, Fuhlendorf SD, Taylor CA, Rogers WE. Refining thresholds in coupled fire—vegetation
models to improve management of encroaching woody plants in grasslands. Journal of Applied Ecol-
ogy. 2013; 50:603-13.

Tsvuura Z, Kirkman KP. Yield and species composition of a mesic grassland savanna in South Africa
are influenced by long-term nutrient addition. Austral Ecology. 2013; 38:959-70.

Van Der Waal C, De Kroon H, De Boer WF, Heitkdnig IMA, Skidmore AK, De Knegt HJ, et al. Water
and nutrients alter herbaceous competitive effects on tree seedlings in a semi-arid savanna. Journal of
Ecology. 2009; 97:430-9.

Cohn EJ, Van Auken OW, Bush JK. Competitive interactions between Cynodon dactylon and Acacia
smallii seedlings at different nutrient levels. American Midland Naturalist. 1989; 121:265-72.

Messier C, Coll L, Poitras-Lariviere A, Belanger N, Brisson J. Resource and non-resource competition
effects of grasses on early- versus late-successional trees. Journal of Ecology. 2009; 97:548-54.

Roberts CP, Uden DR, Allen CR, Twidwell D. Doublethink and scale mismatch polarize policies for an
invasive tree. PLoS ONE. 2018; 13:e01897383. https://doi.org/10.1371/journal.pone.0189733 PMID:
29513675

Engle DM, Stritzke JF. Enhancing control of eastern redcedar through individual plant ignition following
prescribed burning. Journal of Range Management. 1992; 45:493-5.

Gignoux J, Clobert J, Menaut JC. Alternative fire resistance strategies in savanna trees. Oecologia.
1997; 110:576-83. https://doi.org/10.1007/s004420050198 PMID: 28307253

Lawes MJ, Adie H, Russell-Smith J, Murphy B, Midgley JJ. How do small savanna trees avoid stem
mortality by fire? The roles of stem diameter, height and bark thickness. Ecosphere. 2011; 2:1-13.
https://doi.org/10.1890/ES10-00204.1

Clarke PJ, Lawes MJ, Midgley JJ, Lamont BB, Ojeda F, Burrows GE, et al. Resprouting as a key func-

tional trait: How buds, protection and resources drive persistence after fire. New Phytologist. 2013;
197:19-35. https://doi.org/10.1111/nph.12001 PMID: 23110592

Staver AC, Brando PM, Barlow J, Morton DC, Paine CET, Malhi Y, et al. Thinner bark increases sensi-
tivity of wetter Amazonian tropical forests to fire. Ecology Letters. 2020; 23:99—-106.

Hoffmann WA, Orthen B, Do Nascimento PKV. Comparative fire ecology of tropical savanna and for-
est trees. Functional Ecology. 2003; 17:720-6.

Hoffmann WA, Adasme R, Haridasan M, De Carvalho MT, Geiger EL, Pereira MAB, et al. Tree topkill,
not mortality, governs the dynamics of savanna—forest boundaries under frequent fire in central Brazil.
Ecology. 2009; 90(5):1326—37. https://doi.org/10.1890/08-0741.1 PMID: 19537552

Twidwell D, Fuhlendorf SD, Engle DM, Taylor CA. Surface fuel sampling strategies: linking fuel mea-
surements and fire effects. Rangeland Ecology and Management. 2009; 62:223-9.

Higgins S|, Bond WJ, Trollope WSW. Fire, resprouting and variability: A recipe for grass-tree coexis-
tence in savanna. Journal of Ecology. 2000; 88:213—-29.

PLOS ONE | https://doi.org/10.1371/journal.pone.0242003 December 2, 2020 19/20


https://doi.org/10.1007/s00442-012-2538-y
http://www.ncbi.nlm.nih.gov/pubmed/23266712
https://doi.org/10.1890/08-0462.1
http://www.ncbi.nlm.nih.gov/pubmed/19323216
https://doi.org/10.1890/ES13-00239.1
https://doi.org/10.1371/journal.pone.0117788
http://www.ncbi.nlm.nih.gov/pubmed/25695765
https://doi.org/10.1371/journal.pone.0189733
http://www.ncbi.nlm.nih.gov/pubmed/29513675
https://doi.org/10.1007/s004420050198
http://www.ncbi.nlm.nih.gov/pubmed/28307253
https://doi.org/10.1890/ES10-00204.1
https://doi.org/10.1111/nph.12001
http://www.ncbi.nlm.nih.gov/pubmed/23110592
https://doi.org/10.1890/08-0741.1
http://www.ncbi.nlm.nih.gov/pubmed/19537552
https://doi.org/10.1371/journal.pone.0242003

PLOS ONE

Woody range expander

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Bond WJ, Cook GD, Williams RJ. Which trees dominate in savannas? The escape hypothesis and
eucalypts in northern Australia. Austral Ecology. 2012; 37:678-85.

Abrams MD, Kubicke ME. Leaf structural characteristics of 31 hardwood and conifer tree species in
Wisconsin: Influence of light regime and shade-tolerance rank. Forest Ecology and Management.
1990; 31:245-58.

Montgomery RA, Chazdon RL. Light gradient partitioning by tropical tree seedlings in the absence of
canopy gaps. Oecologia. 2002; 131:165—74. https://doi.org/10.1007/s00442-002-0872-1 PMID:
28547683

Hinman ED, Fridley J. To spend or to save? Assessing energetic growth-storage tradeoffs in native
and invasive woody plants. Oecologia. 2018; 188:659-69. https://doi.org/10.1007/s00442-018-4177-4
PMID: 29882168

McConnaughay KDM, Coleman JS. Biomass allocation in plants: Ontogeny or optimality? A test along
three resource gradients. Ecology. 1999; 80:2581-93.

Nambiar EKS, Fife DN. Growth and nutrient retranslocation in needles of radiata pine in relation to
nitrogen supply. Annals of Botany. 1987; 60:147-56.

Miyanishi K, Kellman M. The role of root nutrient reserves of two savanna shrubs. Canadian Journal of
Botany. 1986; 64:1244-8.

Ward D, Kirkman KP, Tsvuura Z, Morris CD, Fynn RWS. Are there common assembly rules for differ-
ent grasslands? Comparisons of long-term data from a subtropical grassland with temperate grass-
lands. Journal of Vegetation Science. 2020; 31:780-91.

Therrell MD, Stahle DW. A predictive model to locate ancient forests in the Cross Timbers of Osage
County, Oklahoma. Journal of Biogeography. 1998; 25:847-54.

Ortmann J, Stubbendieck J, Pfeiffer GH, Masters RA, Schacht WH. Management of eastern redcedar
on grasslands. NebGuide G1308. Lincoln, NE: University of Nebraska—Lincoln Extension; 1996.

Bauman P. Cedar trees and rangeland loss 2016. Available from: http://igrow.org/livestock/beef/
cedar-trees-and-rangeland-loss.

Scholtz R, Polo JA, Fuhlendorf SD, Engle DM, Weir JR. Woody plant encroachment mitigated differen-
tially by fire and herbicide. Rangeland Ecology and Management. 2018; 71:239—44.

Schaefer P, Graper D. Woody weeds: eastern red cedar. Brookings, SD: South Dakota State Univer-
sity Extension; 2019. Available from: https://extension.sdstate.edu/woody-weeds-eastern-red-cedar.

O’Brien MJ, Leuzinger S, Philipson CD, Tay J, Hector A. Drought survival of tropical tree seedlings
enhanced by non-structural carbohydrate levels. Nature Climate Change. 2014; 4:710-4.

PLOS ONE | https://doi.org/10.1371/journal.pone.0242003 December 2, 2020 20/20


https://doi.org/10.1007/s00442-002-0872-1
http://www.ncbi.nlm.nih.gov/pubmed/28547683
https://doi.org/10.1007/s00442-018-4177-4
http://www.ncbi.nlm.nih.gov/pubmed/29882168
http://igrow.org/livestock/beef/cedar-trees-and-rangeland-loss
http://igrow.org/livestock/beef/cedar-trees-and-rangeland-loss
https://extension.sdstate.edu/woody-weeds-eastern-red-cedar
https://doi.org/10.1371/journal.pone.0242003

